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INTRODUCTION 


As  we  stated  in  our  previous  progress  report,  the  over- arching  goal  of  this  project  was  to  gain  a  better 
understanding  of  gene  expression  in  ovarian  cancer,  in  both  the  tumor  and  the  stromal  part  of  a  tumor.  During 
this  process,  it  is  generally  understood  that  both  genetics  and  epigenetics  are  involved,  and  that  developing 
tumors  also  influence  the  behavior,  vis-a-vis  gene  expression,  in  the  surrounding  stroma.  To  achieve  this,  we  set 
out  to  develop  a  pseudo-orthotopic  syngeneic  intravital  microscopy  model  for  ovarian  cancer,  and,  not 
surprisingly,  encountered  difficulties.  During  the  first  two  years  of  funding,  we  solved  problems  created  by  the 
estrous  cycle,  namely,  clouding  of  the  IVM  chambers  due  to  bleeding,  and  toxicity  when  MOVCAR  cells  were 
transformed  to  express  H2b-Cherry.  These  obstacle  delayed  the  time  course  of  our  experiments,  but  we  felt  that 
we  were  still  well-positioned  to  achieve  most  of  the  original  approved  goals  of  the  project,  because  we 
introduced  an  efficient  approach  to  study  gene  expression.  We  have  largely  succeeded  in  developing  the  IVM- 
ovarian  cancer  model,  although  we  have  not  collected  as  much  data  on  gene  expression  during  adaptation  as  we 
had  intended.  One  serious  problem  over  the  last  period  was  that  cells  adapted  to  grow  on  ovary  tissue  in  dorsal 
skinfold  chamber  for  one  cycle  would  not  grow  in  vitro,  such  that  the  cells  could  not  be  passaged  in  the  manner 
we  proposed.  Consequently,  the  savings  we  achieved  in  other  experiments  could  not  be  applied  to  the 
MOVCAR  adaptation  case.  Fortunately,  within  the  past  two  months, 
we  have  succeeded  in  explanting  MOVCAR  tumors  from  the 
chambers  and  growing  them  in  vitro.  This  will  allow  us  to  continue 
along  the  lines  originally  proposed. 

An  implicit  goal  in  these  experiments  was  to  develop  an 
effective  means  of  analyzing  gene  expression  data  as  MOVCAR  cells 
adapted  to  grow  more  aggressively  on  ovary  tissue.  Due  to  the 
obstacles  mentioned  above  regarding  estrous,  H2b-Cherry  toxicity, 
and  the  loss  of  an  in  vitro  growth  phenotype  in  the  adaptation 
experiments  that  we  began  early  this  year,  we  have  only  very  limited 
gene  expression,  and  this  presented  a  problem  relative  to  development 
of  the  informatics  aspects  of  the  proposal.  Therefore,  we  used  data  we 
gathered  from  a  similar  set  of  experiments  using  N202  cells  to 
develop  an  informatics  approach,  which  we  believe  sheds  quite  a  bit 
of  light  on  cancer,  particularly  metastasis  to  the  brain,  which  is 
common  in  ovarian  cancer. 

BODY  This  is  our  third  progress  report,  and  we  shall  first 
reiterate  some  of  the  text  in  abbreviated  form  from  our  previous 
reports.  In  our  first  report,  we  changed  the  SOW  to  accommodate  the  fact  that  H2b-Cherry  is  toxic  to 
MOVCAR  cells.  We  devised  an  alternative  strategy  in  which  we  successfully  transformed  MOVCAR  cells  with 
H2b-GFP,  and  were  able  to  grow  these  H2b-GFP  cells  on  pseudo-organ  tissues  from  (B6.129(Cg)- 
Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo/J)nude  mice,  which  fluoresce  in  the  TRITC  part  of  the 
spectrum  (i.e.  red).  So,  by  adapting  our  cell  line  and  mouse  model,  we  were  able  to  grow  the  necessary  tumors, 
as  of  the  last  progress  report.  The  modified  SOW  is  on  record. 

Figure  1  is  an  image  of  H2b-GFP  MOVCAR  tumors  one  week  old.  Shortly  after  these  pictures  were 
taken,  the  ovarian  tissue  in  the  chamber  began  to  hemorrhage  as  it  continued  to  ovulate.  When  this  happens,  the 
tissue  becomes  obscured  by  blood  in  the  chamber.  On  a  sporadic  basis,  chambers  would  last  for  more  than  two 
weeks  after  implantation  of  the  tumor  spheroids,  only  to  succumb  to  hemorrhaging.  After  some  time,  we 
observed  pre-ovulation  phenomena,  i.e.  changes  in  morphology,  that  pointed  ovulation;  fortunately,  because  we 
were  hitherto  mystified  by  the  phenomenon.  The  solution  was  to  suppress  ovulation  using  progestin.  Initially, 
progestin  prevented  ovulation,  but  also  suppressed  tumor  growth,  and  it  took  us  time  to  learn  that  tumor  growth 
is  dependent  on  the  dose  of  progestin,  and  that  a  lower  dose  does  not  prevent  tumor  growth.  In  Figure  2,  we 
show  a  growth  curve,  which  shows  the  usual  drop  off  due  to  cell  death,  and  then  a  post-adaptation  increase  in 
tumor  mass. 

We  developed  a  promising,  inexpensive,  and  robust  method  to  explore  differential  gene  expression  in 
experiments  of  this  sort.  The  adaptation  of  cultured  tumor  cells  to  grow  on  pseudo-organ  tissue  requires  a  period 
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(a)  (b)  (c) 


Figure  1.  (a)  Bright  field,  vasculature, 
(b)  GFP-Movcar,  (c)  Tomato  pseudo¬ 
ovary.  Day  0-7  are  indicated. 
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Figure  2.  (a)  Growth  curve  for  MOYCAR  tumor,  normalized  to  Day 
6.  The  initial  decline,  followed  by  recovery  can  be  seen,  (b) 
Calculation  of  growth  rate  from  day  6  and  beyond  for  first  training 
cycle. 
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genetic  and  epigenetic  alterations  that 
must  take  place  for  a  cancer  cell  to  be 
able  to  grow  in  the  foreign 
environment  of  the  metastatic  site:  by 
identifying  the  changes  in  gene 
expression,  the  essential  adaptations 
are  revealed.  In  turn,  the  genes 
behind  these  essential  adaptations 
become  potential  targets  for 
therapeutics  to  block  metastasis. 
Adaptation  in  our  system  requires 
several  passages  of  the  tumor  cells 
from  animal  to  animal,  and  this 
entails  intervening  in  vitro  culturing  of  the  cells  to  make  transplantable  spheroids.  Invariably,  each  subsequent 
passage  grows  faster  on  the  pseudo-organ,  with  much  less  initial  cell  death.  This  means  that  the  cells  growing  in 
culture  retain  genetic  and  epigenetic  features  that  allow  them  to  grow  on  the  pseudo-organ  with  shorter  lag 
times,  and  this  meant  to  us  that  gene  expression  analysis  on  the  cultured  cells  might  be  worth  doing.  The 
benefits  of  working  with  cultured  cells  include  that  a  single  cell  population  can  be  used  without  significant 
contamination  from  other  cell  lines,  which  is  a  condition  that  is  extremely  hard  to  avoid  when  using 
microdissected  tissue,  and  significant  mass,  which  avoids  needing  amplification  steps  that  can,  in  fact,  always 
do,  introduce  error.  The  disadvantage  is,  of  course,  that  the  “snap  shot”  of  gene  expression  is  less  relevant  to  the 
in  vivo  environment.  Note,  however,  that  candidates  from  the  cell  culture  experiment  can  be  tested  very  reliably 
by  going  back  to  the  tissue,  and  that  a  work  plan  going  in  this  direction  is  far  simpler  and  more  robust  than 
direct  analysis  of  tumor  tissue. 

We  expanded  cells  from  the  first  passage  (Chamber  model  1  or  CM1)  of  an  H2b-GFP  Movcar  tumor, 
and  did  gene  expression  analysis  using  Affymetrix  microarrays  comparing  unadapted  (CM))  to  the  CM1 
adapted  cells.  The  strength  of  this  analysis  derives  from  comparison  with  gene  expression  analysis  in  a  parallel 
experiment  involving  the  breast  cancer  cell  line  N202.  That  experiment  is  farther  along  than  the  ovarian  project 
because  we  did  not  have  the  hemorrhaging  problem.  In  Figure  3,  we  show,  in  the  N202  experiment  in  which 
N202  cells  are  growing  on  pseudo-lung,  Tnf,  which  is  the  mouse  homo  log  of  human  TNF-alpha,  is  highly 
implicated  in  tumor  cell  adaptation.  Not  shown  are  similar  results  implicating  Tnf  when  N202  cells  grow  on 
bone  marrow.  In  Fig.  3b,  however,  MOVCAR  cells  growing  on  ovary  do  not  adapt  by  a  mechanism  that 
involves  overexpression  of  Tnf.  Kim  et  al.  [1]  showed  that  Lewis  lung  carcinoma  cells  activate  macrophage  by 
secreting  the  proteoglycan  versican,  and  the  macrophage,  in  turn,  secrete  TNF-alpha  and  IL6.  The  mortality  of 
TnfFO  mice  upon  tail  vein  injection  of  LLC  cells  was  markedly  reduced,  implying  that  Tnf  is  required  for 
metastasis,  and  biological  arguments  suggest  that  Tnf  exerts  its  role  by  conditioning  the  metastatic 
microenvironment.  Here,  we  apparently  have  a  cell  line  that  has  learned  to  secret  Tnf  without  the  macrophage 
intermediate.  MOVCAR  cells  do  not  use  this  mechanism,  and  we  hypothesize  that  this  is  because,  in  this 
experiment,  the  MOVCAR  cells  are  growing  on  their  native  tissue  of  origin  (i.e.  ovary),  whereas  the  N202  cells 
have  been  forced  to  adapt  to  what  is  essentially  a  metastatic  environment.  In  other  words,  the  N202  cells 
recognize  the  metastatic  environment  as  “foreign”  and  have  adapted  via  enhancement  of  factors  normally 
associated  with  innate  immunity.  The  suggestion,  then,  is  that  if  we  force  MOVCAR  cells  to  adapt  to  a  tissue 
other  than  ovary,  that  we  may  also  see  adaptation  involving  Tnf.  It  is  also  possible,  however,  that  MOVCAR 
cells  adapted  to  tissue  of  a  metastatic  site  do  so  indirectly,  in  which  case,  we  can  use  the  conditioned  medium 
strategy  of  Kim  et  al.  [1]  to  track  this  down. 
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Here,  we  briefly  summarize  a 
few  of  the  more  obviously  interesting 
genes  in  our  first  run  of  this 
experiment  on  the  adapted  MOVCAR 
tumors.  In  this  discussion,  CMO,  1,  2, 

3,  etc.  refer  to  passages  0,  1,2,  and  3, 
etc.  in  the  animal,  and  in  the 
manuscript  presented  below,  we  use 
P0,  1,  2,  3,  etc.  using  “P” 

interchangeably  with  “CM”.  Genes 
were  sorted  according  to  the  most 
extremely  upregulated  upon 
adaptation.  The  most  extremely 
differentially  expressed  gene  after 
adaptation  was  Slfn3  (26-fold  over¬ 
expressed),  and  very  little  is  known 
about  it.  Second  on  the  list,  however, 
is  I12rg  (interleukin  2  receptor 
gamma),  which  is  19-fold 
overexpressed  in  CM1  relative  to 
CMO.  I12rb  is  4-fold  higher,  whereas 
I12ra  is  not  altered  (0.9  fold).  I12rg  is 
the  common  gamma  chain  important  in 
signalling  from  a  number  of 
interleukins,  including  2,  4,  7  and  21, 
and  activates  JAK3,  and  therefore  the 
JAK-STAT  pathway.  Constitutive  activation  of  JAK3  is  observed  in  colorectal  cancer,  and  repression  of  JAK3 
leads  to  apoptosis  [2],  JAK3  is  constitutively  active  in  acute  lymphoblastic  B-cell  leukemia  [3],  and  is 
considered  a  potentially  viable  target  for  drug  development  for  leukemia.  It  is  also  upregulated,  along  with  I12ra 
and  I12rb  in  infiltrative  human  breast  cancer[4].  Our  result  is  consistant  with  the  possibility  that  gene 
amplification  of  Il2rg  may  constitutively  activate  JAK3,  and  if  it  generalizes  to  human  ovarian  cancer,  suggests 
that  such  kinase  inhibitor  development  may  also  apply  to  ovarian  cancer.  IL2RG  has  been  shown  to  be  highly 
expressed  in  3  out  12  ovarian  adenocarcinomas;  therefore,  we  may  have  devised  a  model  for  this  type  of 
ovarian  cancer.  The  next  logical  step  will  be  to  determine  whether  this  gene  is  amplified  at  the  DNA  level. 
However,  before  we  embark  on  gene-by-gene  analyses,  we  will  want  to  extend  these  experiments  to  later  steps 
in  adaptation. 

These  CM1  cells  have  gone  quite  far  in  avoiding  apoptosis.  Nlrplb  is  a  pro-apoptotic  gene  that  forms 
part  of  the  caspase-1 -activating  complex  known  as  the  inflammasome.  In  MOVCAR  cells  that  have  adapted  for 
growth  on  pseudo-ovary  tissue,  Nlrplb  is  over-expressed  relative  to  the  unadapted  cell  line  by  a  factor  of  -8. 
NLR  proteins  are  thought  to  be  “pattern  matching”  proteins  that  detect  infectious  agents  as  part  of  the  inate 
immune  system,  and  may  also  respond  to  stress;  Nlrplb  is  known  to  mediate  cell  death  in  response  to  anthrax 
toxin.  The  pro-apoptotic  activity  of  Nlrplb  is  opposed  by  Bcl-2  and  Bcl-XL  (Bcl211),  which  bind  to  Nlrplb,  and 
prevent  its  recruitment  of  caspase-1.  In  MOVCAR,  1 1  out  of  19  NLR  family  members  are  over-expressed  by  at 
least  a  factor  of  2,  the  highest  being  Nlrplb  at  8-fold,  and  the  second  being  Nlrp3  at  4.5-fold.  Interestingly, 
many  Bcl-2  family  members  (8/14)  are  also  over-expressed  by  at  least  a  factor  of  2,  suggesting  that  an  aspect  of 
the  growth  of  these  ovarian  cancer  cells  in  pseudo-ovary  tissue  may  be  that  the  Bcl-2  family  is  opposing  natural 
tumor  suppressor  activities  of  Nlrplb.  Importantly,  we  think,  I12rg  +  I12rb,  both  of  which  are  overexpressed, 
induce  Bcl-2  and  Bcl211  expression,  and,  indeed,  these  are  over-expressed  2.6-fold  and  2-fold,  respectively.  It  is 
as  if  there  is  a  battle  raging  with  Nlrplb  trying  to  induce  apoptosis  while  I12rg  is  opposing  apoptosis  and 
winning.  Interestingly,  in  comparison  with  GEO,  human  NLRP1  is  highly  expressed  in  ovarian  cancer  and  in 
ovarian  endometriosis. 


(a)  (b) 


Figure  3.  (a)  Connectivity  analysis  of  the  top  40  adaptive  genes  in 
N202  breast  tumor  cells  growing  on  lung  tissue.  Tnf  is  among  the 
top  40  most  highly  differentially  expressed  genes  between  trained 
and  untrained  cells,  and  this  connectivity  diagram  shows  that  the 
Tnf  pathway  is  strongly  implicated  in  adaptation,  (b)  Analysis  of 
the  connectivity  of  Tnf  to  adaptive  genes  in  MOVCAR  mouse 
ovarian  tumor  cells  growing  on  pseudo-ovary  tissue.  Tnf  does  not 
become  differentially  expressed  in  this  system,  nor  do  other  genes 
in  the  TNF  pathway,  as  demonstrated  by  the  low  and  indirect 
connectivity  in  this  diagram. 
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Other  genes  are  intriguing.  Cxcll,  otherwise  known  in  humans  as  GROa,  is  >1 1 -fold  over-expressed  in 
ovary-adapted  MOYCAR  cells.  This  is  interesting  because  Cxcll  has  been  shown  to  induce  proliferation  in 
epithelial  ovarian  cancer  cells  by  transactivation  of  the  EGFR  [5];  it  is  overexpressed  in  gastric  cancer[6];  it 
promotes  angiogenesis  and  invasion  in  gastric  cancer  [7];  and  may  mediate  tumor  invasion  in  bladder  cancer[8]. 
CA125  is  only  mildly  up-regulated  (1.4-fold),  but  other  mucins  are  highly  upregulated  (Mucl9,  5-fold).  March8 
is  3-fold  up-regulated,  HnmpaO  is  1.7-fold  up-regulated,  and  others  identified  in  microarray  analysis  of  human 
tumors.  Myc  is  2-fold  up. 

As  we  mentioned  above,  we  have  had  significant  unanticipated  obstacles  to  overcome  in  the  form  of 
ovulation  and  mCherry  toxicity,  and  at  times  we  despaired  that  there  may  be  no  way  around  these  problems. 
However,  both  problems  yielded  to  relatively  simple  solutions,  but  these  have  slowed  down  our  progress.  Note 
that  each  of  these  cycles  requires  one  week  of  organ  tissue  revascularization,  three  weeks  of  tumor  growth,  and 
two  consecutive  weeks  of  in  vitro  cell  growth  separated  by  cell  sorting.  In  the  present  cycle,  we  encountered  yet 
another  unanticipated  obstacle.  After  MOVCAR  cells  adapted  for  one  round,  yielding  the  gene  expression  data 
discussed  above,  we  placed  the  tumors  back  into  culture  in  order  to  expand  them  and  carry  them  on  to  the  next 
stage. 

The  cells  survived  in  culture,  but  would  not  sit  down  on  the  plastic  and  grow,  although  they  continued  to 
live  for  more  than  three  months.  We  tried  mincing,  trypsinization,  growth  on  collagen,  growth  in  soft  agar,  and 
growth  on  a  “feeder”  layer  of  fibroblasts,  and  all  of  our  attempts  failed.  We  placed  them  back  into  the  mouse 
with  minced  ovarian  tissue,  and  learned  that  they  were  still  able  to  grow.  In  parallel,  however,  we  learned  that 
each  adaptive  series  can  be  unique;  that  sometimes  growth  in  culture  is  initially  very  slow  and  sometimes  fast, 
and  that  some  adaptive  series  resemble  others  at  different  time  points. 

Therefore,  we  have  begun  this  adaptive  series  again,  hoping  that  the  original  experiment  resulted  in  the 
chance  selection  of  a  clone  that  will  not  grow  in  vitro  and  that  we  will  achieve  growth  with  other  adaptive 
series.  If  this  does  not  work,  we  will  shorten  the  adaptation  time  so  that  the  cells  spend  a  greater  amount  of  time, 
relatively,  growing  in  vitro.  In  other  words,  we  will  force  the  cells  to  co-adapt  to  growth  in  vivo  and  in  vitro. 
Thus,  with  this  new  series,  we  will  recover  tumors  after  7  and  14  days  rather  than  after  21  days  and  place  them 
back  in  vitro. 

An  implicit  part  of  these  experiments  is  data  interpretation,  and  it  occurred  to  us  that  analysis  of  time 
course  data  on  tumor  development  is  unprecedented,  which  compelled  us  to  begin  to  work  on  the  problem  in 
anticipation  of  time  course  data  from  the  MOVCAR  experiment.  We  already  had  in  hand  a  set  of  data  from 
N202  cells  growing  on  brain  tissue.  These  efforts  are  relevant  to  the  ovarian  cancer  case  in  two  senses:  first,  we 
needed  to  work  out  a  bioinformatics  strategy,  and  second,  because  metastasis  of  ovarian  cancer  to  the  brain  is  a 
particularly  undesirable  outcome.  We  have  gained  a  novel  finding,  that  metastasis  to  brain  tissue  of  a  cancer  cell 
line  is  accompanied  initially  by  expression  of  genes  of  an  ostensibly  neurological  gene  expression  phenotype; 
and  to  the  extent  that  our  findings  are  general,  we  would  suggest  the  use  of  c-kit  inhibitors  to  prevent  brain 
metastasis  in  patients  with  metastatic  disease.  Below,  we  present  a  manuscript  with  the  tentative  title,  “Cancer 
adaptomes:  gene  expression  requirements  for  cancer  cell  growth  in  foreign  tissue  microenvironments  ”,  that  is 
very  near  completion.  We  feel  that  the  results  of  this  informatics  effort  funded  by  the  current  grant  is  of 
immense  medical  importance:  it  is  the  first  study  that  shows  that  metastatic  cancer  cells  adopt  gene  expression 
patterns  characteristic  of  the  host  tissue  in  which  it  finds  itself,  and  it  shows  clearly  that  prevention  of  metastasis 
in  at-risk  cases  might  be  achieved  by  interfering  with  this  initial  adaptive  phase.  It  further  shows  that,  while 
placing  different  tumors  on  a  time  line  based  on  hierarchical  clustering  does  not  work,  there  is  a  fascinating 
potential  option  that  real  tumors  could  be  placed  on  a  time  line  established  by  experimental  tumors.  In  short,  the 
different  “subtypes”  of  tumors  so  often  recognized  in  gene  expression  data  may  actually  be  tumors  developing 
along  the  same  time  line  but  stochastically  stalled  at  different  points.  The  easiest  indicator  of  this  can  be  seen  in 
Figure  3,  frame  6,  where  considerable  differential  gene  expression  is  observed,  followed  by  return  to  baseline, 
in  which  case,  hierarchical  clustering  would  place  points  P3  and  P4  close  to  PI  (which  is  wrong). 

We  have  one  more  month  of  funding  on  this  proposal,  and  we  hope  to  be  able  to  obtain  sufficient 
funding  to  continue  with  this  model  for  ovarian  cancer.  We  think  we  will  have  sufficient  resources  from  other 
sources  to  complete  two  adaptive  series,  and,  once  completed,  will  serve  as  the  basis  of  an  analysis  such  as  that 
presented  for  N202  cells. 
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TASK  1 

1 .  Development  of  H2b-GFP-MOVCAR  cells 

2.  Development  of  a  H2b-GFP-MOVCAR/Tomato  pseudo-organ  model  for  ovarian  cancer 

Completed  by  the  end  of  the  first  year. 

TASK  2 

1 .  Solving  the  ovulation/hemoraging  problem  with  progestin.  Completed  in  the  second  year. 

2.  Intravital  microscopy  studies  implanting  different  stroma,  i.e.,  ovary,  skin,  lung  and  liver  with 
and  without  H2b-GFP-MOVCAR  cells  using  the  Tomato  pseudo-organ  model.  The  first  and  second  training 
cycles  on  ovary  are  now  complete  for  one  series.  We  now  expect  that  co-adaptation  to  in  vivo  and  in  vitro 
growth  may  be  necessary  to  carry  cells  through  a  series  of  training  cycles.  This  will  be  achieved  by 
shortening  the  in  vivo  adaptation  period.  We  are  proceeding  with  available  resources.  We  plan  to 
perform  gene  expression  analysis  on  at  least  two  adaptive  series  using  the  resources  still  available  from 
this  grant  and  private  resources. 

3.  Microdissection  to  isolate  tumor  and  stroma.  We  now  use  growth  in  cultured  cells. 

4.  Gene  expression  on  sorted,  cultured  CM1.  We  now  have  two  series  through  CM1,  one  of 
which  was  carried  through  CM2  but  would  not  grow  in  vitro.  We  will  test  this  with  the  second  series.  If 
this,  too,  does  not  grow  in  vitro,  we  will  begin  again,  but  shorten  the  in  vitro  adaptation  period  to  obtain 
cells  that  have  not  lost  their  ability  to  grow  in  vitro.  We  plan  to  repeat  this  and  carry  these  experiments 
through  to  CM4  for  at  least  two  series,  with  the  caveat  that  shorter  adaptive  periods  may  lead  to  series 
being  carried  out  until  CM12. 

TASK3 

1 .  We  propose  to  continue  with  the  gene  expression  in  sorted,  cultured  adapted  cells  as  this  appears 
to  be  revealing  some  genes  that  are  already  known  to  be  differentially  regulated  in  ovarian  cancer. 

2.  Microarrays  and  data  analysis  on  stroma  and  tumor.  We  are  still  trying  to  overcome  the 
problem  of  loss  of  an  in  vitro  growth  phenotype,  as  outlined  above. 

3.  Our  original  plan  was  to  breed  (B6.129(Cg)-Gt(ROSA)26Sortm4(ACTB-tdTomato,- 
EGFP)Luo/J)nude  mice  for  Aim  2,  in  which  we  isolate  cells  of  the  immune  system  to  subject  to  microarray 
analysis.  This  breeding  is  not  necessary,  because  we  have  learned  to  use  T-cell  filtration  during  bone  marrow 
transplantation.  We  will  not  make  progress  on  this  aim. 

4.  In  situ  hybridization  and  immunohistochemistry  in  human  tissues.  We  will  not  make  progress 
on  this  aim. 

In  the  Appendix,  we  present  a  manuscript  that  is  near  completion  “Cancer  adaptomes:  gene  expression 
requirements  for  cancer  cell  growth  in  foreign  tissue  microenvironments”,  and  we  have  attached  two  additional 
publications  that  were  partially  or  indirectly  supported  by  the  present  grant. 

Realistically,  with  the  resources  remaining  in  this  grant  and  a  few  extra  resources  from  other  sources,  we 
expect  to  be  able  to  solve  the  growth  in  vitro  problem  using  shorter  in  vivo  training  periods  and  perform  gene 
expression  analysis  on  at  least  two  MOVCAR  adaptive  series.  This  will  be  sufficient  to  publish  the  results,  and 
notify  the  ovarian  cancer  community  of  the  properties  of  the  animal  model.  This  project  did  not  work  out  the 
way  we  expected,  but  we  have  made  significant  progress  in  a  very  difficult  area,  and  we  believe  the  model  is  a 
short  step  away  from  viability  for  MOVCAR.  It  should  be  noted  that  this  property  of  MOVCAR  cells  refusing 
to  attach  to  plastic  is  unprecedented  relative  to  dozens  of  different  cell  lines  we  have  tried,  and  therefore  this 
outcome  was  wholly  unexpected.  Nevertheless,  as  CM1  sits  down  on  plastic,  we  think  the  shorter  training 
period  strategy  is  bound  to  succeed. 

KEY  RESEARCH  ACCOMPLISHMENTS 

•  Development  of  a  H2b-GFP-MOVCAR  cell  line 

•  Development  of  a  H2b-GFP-MOVCAR/Tomato  pseudo-organ  model  for  ovarian 
cancer:  specifically,  we  have  overcome  the  mCherry  problem  and  we  have  overcome  the 
ovulation-dependent  hemorrhaging  problem. 
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•  Gene  expression  analysis  after  the  first  training  cycle. 

•  Developed  a  web-based  informatics  framework  that  uses  gene  ontology  to 
identify  major  adaptive  veatures. 

REPORTABLE  OUTCOMES 

•  The  H2b-GFP-MOVCAR  cell  line  deserves  to  be  made  publically  available,  as  it 
is  likely  to  be  useful  in  ovarian  cancer  research  using  diverse  strategies. 

•  The  H2b-GFP-MOVCAR/Tomato  pseudo-organ  ovarian  cancer  model  is 
reportable  without  much  additional  refinement,  and  we  are  preparing  a  manuscript.  We  need  a 
few  high-quality  FFPE  images. 

•  Our  gene  expression  analysis  shows  that  cells  retain  a  pattern  of  differential  gene 
expression  from  training  even  after  they  have  been  expanded  briefly  in  culture.  We  will  report 
this  in  a  publication,  but  we  first  want  gene  expression  analysis  in  other  pseudo-organs  to  test  the 
hypothesis  that  the  cancer  cells  autonomously  activate  components  of  the  innate  immune  system 
when  they  find  themselves  in  the  wrong  tissue  environment. 

•  A  web-accessible  tool  for  reporting  outcomes  of  adaptation  experiments,  currently 

applied  to  our  larger  parallel  dataset  for  N202  adaptation:  see 

www.voxvill.org/100.IVM/10Q.rVM.index.pht>. 

CONCLUSIONS  Prior  to  this  project,  we  had  devised  pseudo-organ  models  for  lung,  liver,  brain,  bone 
marrow,  breast,  and  prostate  and  anticipated  that  we  would  encounter  no  significant  problems  with  essentially 
any  other  tissue.  The  toxicity  of  mCherry  to  MOVCAR  cells  aside,  this  assumption  was  incorrect;  it  simply  had 
not  occurred  to  us  that  ovary  would  present  its  own  set  of  unique  problems.  Not  only  did  ovulation-dependent 
hemorrhaging  present  a  problem,  but  control  of  that  through  hormone  therapy  presented  its  own  set  of  problems 
vis-a-vis  the  effect  of  progestin  on  ovarian  tumor  growth.  It  was  fortunate  that  a  dose  of  progestin  could  be 
found  that  both  suppressed  ovulation  and  permitted  tumor  growth,  for  without  this  result,  IVM  would  not  be 
possible  on  pseudo-ovaries.  These  are  relatively  long-term  experiments,  such  that  when  problems  occur,  the 
time  frame  can  be  seriously  upset.  We  have  been  unable  to  coax  CM2  cells  to  grow  in  vitro,  but  our 
experiments  indicate  that  clonal  selection  can  result  in  significantly  different  outcomes  in  a  stochastic  manner. 
We  have  also  had  the  interesting  idea  that  shorter  adaptive  times  in  vivo  may  allow  us  to  preserve  in  vitro 
growth. 

REFERENCES  All  of  the  appropriate  references  are  contained  in  the  first  manuscript  in  the  Appendix. 
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Summary 

The  migration  of  cells  into  novel  microenvironments  occurs  frequently  during  normal  development  and 
during  the  progression  of  cancer.  In  these  processes,  signals  from  the  host  tissue  alter  gene  expression  in  the 
migrated  cells,  and  vice  versa.  Normal  cells  adapt  by  adjusting  gene  expression  and  altering  their  epigenetic 
state,  as  do  cancer  cells,  which  have  additional  adaptive  plasticity  due  to  genomic  instability.  We  studied 
changes  in  gene  expression  when  cancer  cells  adapt  to  grow  on  brain,  bone  marrow,  and  lung  tissue 
implanted  and  maintained  in  an  in  vivo  culture  system.  We  observed  the  temporary  induction  of  genes 
characteristic  of  the  host  tissue  and  slow  growth,  followed  by  evolution  away  from  this  phenotype  and  rapid 
growth. 
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Cell-autonomous  factors  and  external  factors  supplied  by  the  local  microenvironment  control  gene 
expression  during  development  [9,  10]  and  when  cells  are  placed  in  novel  tissue  microenvironments  for 
investigative  purposes  [11-15],  Cancer  cells  respond  to  signals  present  in  their  local  microenvironment  [16], 
and  reciprocally  alter  gene  expression  in  the  local  stroma  [17].  We  asked  whether  cancer  cells  express  genes 
characteristic  of  the  surrounding  tissue  when  embedded  in  a  foreign  tissue  microenvironment. 

Minced  tissues  implanted  in  dorsal  skinfold  chambers  survive  and  revascularize,  yielding  substrates 
upon  which  tumor  cells  can  be  grown  [18].  We  prepared  brain,  bone  marrow,  and  lung  tissues  in  this  manner 
and  implanted  the  murine  breast  cancer  cell  line  N202.  Three  weeks  after  in  vivo  seeding,  cells  from  the 
resulting  N202  tumors  were  grown  briefly  in  vitro,  sorted,  grown  again,  and  reintroduced  into  the  in  vivo  culture 
system  for  up  to  four  cycles. 

Cells  grown  in  this  manner  on  brain  tissue  for  four  cycles  initially  grew  more  slowly  in  vitro  than  the 
parental  cell  line,  but  eventually  surpassed  the  initial  growth  rate,  and  growth  in  vitro  and  in  vivo  correlated  well 
(Figure  la-c).  In  bone  marrow,  a  steady  increase  in  growth  rate  was  observed  both  in  vitro  and  in  vivo  (Figure 
Id-f),  also  with  strong  correlation,  whereas  in  lung  correlation  was  poor. 

Gene  expression  profiles  for  parental  cells  (P0)  and  passages  1-4  (P1-P4)  were  generated  from  the  in 
vitro  cell  cultures.  Figure  2  shows  kmeans  groups  for  cells  grown  on  brain  tissue  at  times  P0-4  assuming  25 
kmeans  groups.  Kmeans  groups  for  brain,  bone  marrow  and  lung  are  designated  “BNn  X”,  “BMN  X”,  and  “LNn 
X”,  respectively,  where  N  refers  to  the  number  of  kmeans  groups  and  X  refers  to  the  specific  group. 
Statistically  significant  GO  Biological  Process  Terms  (www.geneontology.org)  associated  with  each  kmeans 
group  were  determined  and  are  italicized  in  the  text.  Corresponding  GO  IDs  are  listed  in  Table  1,  with  p-values 
from  Fisher’s  exact  test  [19]  corrected  to  indicate  false  discovery  rates  (q-values)  [20],  These  analyses  can  be 
explored  in  further  detail  at  www.voxvill.org/100.IVM/lQQ.IVM.index.php. 

Homeostasis  Figure  2  shows  kmeans  groups  of  genes  that  are  differentially  expressed  at  sequential 
times  during  N202  cell  adaptation  to  brain  tissue.  The  most  significant  GO  terms  in  BN25  6,  which  contains 
genes  that  are  sharply  up-regulated  in  PI  and  P2,  are  sodium  ion  transport,  L-amino  acid  transport,  and  ion 
transport  (Table  1).  Ion  transport,  anion  transport,  and  ATP  hydrolysis  coupled  proton  transport  are  significant 
in  BN25  15,  iron  ion  homeostasis  and  arginine  transport  are  significant  in  BN25  18,  and  amine  transport  is 
significant  in  BN25  19,  all  of  which  contain  genes  that  are  sharply  up-regulated  in  PI  and  P2.  The  genes 
associated  with  these  GO  annotations  can  be  found  in  Table  SI.  These  results  indicate  that  the  cells  must  first 
solve  problems  related  to  material  homeostasis  when  placed  in  this  novel  tissue  microenvironment.  Similar 
responses  occur  in  lung,  e.g.  genes  for  ion  transport  are  initially  up-regulated  in  LN2523. 

Using  a  higher  number  of  kmeans  groups  allows  one  to  focus  on  a  more  detailed  behavior,  in  this  case 
up-regulation  specifically  in  PI.  In  LN4g28,  transmembrane  transport  is  the  most  significant  GO  term.  The 
importance  of  ion  homeostasis  in  adaptation  to  bone  marrow  can  be  seen  most  easily  in  BM4912  and  BM4941, 
where  ion  transport  is  significant  due  to  initial  up-regulation  of  Slc38a1,  Slc31a2,  Cachdl,  and  Steap4  in  the 
former  and  Slc1a5  in  the  latter.  All  of  these  are  initially  up-regulated  in  bone  marrow  and  lung  but  not  in  brain. 

CeU  Cycle  and  cell  morphology  Gene  expression  in  BN252,  4,  5,  16,  20,  and  25  is  repressed  during 
PI  and  P2,  during  which  time  cell  growth  is  slow  and  cell  morphology  is  relatively  simple,  whereas  expression 
in  BN25  6,  13,  15,  18,  19,  and  24  is  elevated  during  this  initial  phase  and  anti-correlated  with  growth  rate  and 
morphological  complexity  (Figs.  1  and  2).  BN25  4,  which  reaches  its  lowest  point  at  P2  when  cell  cycle  is  at  its 
slowest,  contains  significant  GO  terms  most  directly  related  to  cell  cycle  (Table  1).  During  adaptation,  cell 
shapes  became  less  complex  in  PI  and  P2,  and  then  became  more  complex  in  P3  and  P4  (Figure  3), 
reflecting  cytoskeletal  processes  regulated  by  Rho  GTPases  [21,  22].  These  are  enriched  in  BN252  and  BN25 
4,  consistent  with  the  timing  of  changes  in  proliferation  and  morphological  complexity  (see  Table  1).  >32-fold 
up-regulation  places  the  Kit  oncogene  from  BN25  19  among  the  most  highly  up-regulated  genes  observed  in 
these  experiments,  although  here,  Kit  oncogene  does  not  drive  rapid  growth. 

Brain  specific  induction  N202  cells  transplanted  on  brain  tissue  initially  express  genes  characteristic 
of  the  brain  tissue  microenvironment.  Table  2  lists  significant  (qval  <  0.05)  GO  Biological  Process  Terms  from 
the  kmeans  groups  in  which  genes  were  initially  up-regulated  or  down-regulated  in  PI  by  at  least  a  factor  of 
1 .5,  using  N=25.  Thirty-nine  (39)  genes  associated  with  significant  neurobiology-related  GO  Biological  Process 
Terms  were  up-regulated  in  PI,  whereas  23  were  down-regulated.  With  N=36,  49  up-regulated  and  23  down 
regulated  genes  associated  with  significant  neurobiology-related  GO  Biological  Process  Terms  were  detected, 
as  shown  in  Table  3.  Induction  or  repression  of  neurobiological  processes  is  more  pronounced  in  the  first 
passage  in  brain  tissue  than  in  bone  marrow  or  lung.  Induction  of  genes  involved  in  neurobiological  processes 
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exceeds  repression  by  a  substantial  margin  in  adaptation  to  brain  tissue,  unlike  the  case  for  bone  marrow  or 
lung. 

Activation  of  Epha4,  associated  with  negative  regulation  of  axon  regeneration,  and  Lrrk2,  associated 
with  negative  regulation  of  neuron  maturation  and  negative  regulation  of  branching  morphogenesis  of  a  nerve 
repress  neuron-like  differentiation.  Most  repressed  genes  associated  with  neurobiological  functions  represent 
functions  that,  if  activated,  would  suppress  a  neurobiological  phenotype.  However,  among  these  are  several  for 
which  repression  promotes  neuron  survival,  including  Map3k11,  Bcl2l11,  Casp9,  Ptprf,  and  Cdc42,  associated 
with  positive  regulation  of  neuron  apoptotic  process.  In  balance,  N202  cells  respond  to  the  brain  tissue 
microenvironment  by  expressing  a  variety  genes  that  perform  neurobiological  functions.  Typically,  this  behavior 
persists  through  PI  and  P2,  and  desists  in  P3  and  P4,  whereupon  the  cells  begin  a  more  rapid  growth  phase. 

Some  of  the  genes  in  BN256,  8,  18,  and  19  are  induced  in  PI  by  >4-fold  and  perform  neurobiological 
functions,  but  are  not  associated  with  enriched  GO  annotations,  which  we  list  here  together  with  functional 
pointers:  Atplbl,  electrical  excitability  [23];  Chi3 1 1 ,  neuroectoderm  differentiation  [24]  and  self-transcendence 
in  schizophrenia  [25];  Chrm3,  acetylcholine  effects  [26];  Cldnl,  fibroblastic  meningioma  [27];  Prss12,  synaptic 
function  [28];  Slc38a1,  glutamate  transport  [29];  Synel,  cerebellar  ataxia  [30];  Tmem47,  occurs  at  high  levels 
in  dog  brain  [31];  Ugt8a,  transfers  galactose  to  ceramide  [32];  Zc4h2,  mental  retardation  [33];  Kctd12b, 
GABA(B)  receptor  subunit  [34];  Lrrk2,  Parkinson’s  disease  [35];  Maoa  [36]  and  Moxdl  [37]  modify  dopamine 
levels;  Neto2,  glutamate  signaling  [38,  39];  Nr4a2,  Parkinson’s  disease  [38],  schizophrenia,  and  manic 
depression  [40,  41];  Pcdh7,  cell-cell  interactions  in  the  developing  brain  [42];  Pgapl,  otocephaly  [43];  Slclal, 
post-synaptic  glutamate  neurotransmitter  activity  and  schizophrenia  [44]  and  obsessive  compulsive  disorder 
[45,  46];  and  Slit2,  brain  vessel  density  and  permeability  [47], 

This  suggests  that  the  N202  cells  initially  detect  signals  characteristic  of  the  brain  microenvironment. 
The  cells  eventually  evolve  away  from  this  phenotype  and  toward  a  more  rapid  growth  phenotype.  In  a 
biological  replicate  experiment,  genes  associated  with  neurobiological  functions  and  induced  in  PI  and  P2  in 
the  first  experiment  (Table  1)  were  similarly  induced  in  the  replicate  experiment  by  a  ~2:1  margin  (27:13  and 
25:15,  induced  vs.  repressed,  respectively).  Among  genes  that  were  repressed  in  the  first  experiment,  most 
were  repressed  in  PI  in  the  replicate  experiment  (5:19,  induced  vs.  repressed),  but  many  of  these  returned  to 
baseline  or  above  by  P2  (15:9,  induced  vs.  repressed),  similar  to  the  latter  stage,  P3  in  the  first  experiment. 
Genes  from  BN25  5  in  the  replicate  experiment  were  induced  immediately,  rather  than  exhibiting  the  two-cycle 
delay  of  the  previous  experiment.  Modeling  indicated  that  replicate  PI  and  P2  corresponded  most  closely  with 
times  P2.6  and  P3.8  in  the  original  time  series  (fig.  S6).  Such  variation  in  timing  would  be  expected  of 
adaptation  driven  by  stochastic  processes. 

Functions  associated  with  bone  marrow  are  characteristic  of  inflammation  and  cannot  be  used  as 
evidence  of  orthotopic  gene  expression.  Nevertheless,  their  absence  would  comprise  a  conspicuous  failure  of 
the  hypothesis.  Indeed,  genes  associated  with  bone  marrow  and  with  inflammation  are  expressed  when  N202 
cells  are  placed  in  contact  with  bone  marrow.  In  BM25I,  Tlr2,  Ripk2,  Myd88  are  initially  up-regulated,  and 
regulate  inflammatory  responses  [48],  such  as  positive  regulation  of  interleukin-6  production,  MyD88- 
dependent  toll-like  receptor  signaling  pathway,  and  positive  regulation  of  tumor  necrosis  factor  production  (see 
www. voxvill. org/100. 1VM/100.1VM. index. php).  Immune  response  due  to  Csf3,  Cxcl5,  and  Cxcll,  and 
inflammatory  response  due  to  Itgb6,  Cxcl5,  and  Cxcll,  are  up-regulated  in  PI  of  BM3625.  Several  genes  that 
change  in  PI  have  functions  in  bone  unrelated  to  inflammation,  per  se.  In  BM25I,  Adamtsl  is  important  in 
inflammation,  but  also  in  normal  bone  physiology  [49]  and  metastasis  to  bone  [50],  Alpl  is  a  tissue-specific 
alkaline  phosphatase  expressed  in  bone,  liver,  and  kidney[51].  Nr4a2  can  be  induced  in  bone-marrow-derived 
mesenchymal  stem  cells  [52].  Bcl9  is  up-regulated  in  osteoarthritis[53].  Sfrpl,  and  Tobl  and  Srfpl  are 
associated  with  significant  GO  terms  bone  trabecula  formation  and  negative  regulation  of  osteoblast 
differentiation,  respectively.  Stc2  controls  bone  growth[54],  Loxl4  is  up-regulated  in  bone  marrow  but  not  brain 
and  lung,  and  is  involved  in  crosslinking  collagen.  In  BM3622,  in  which  genes  are  up-regulated  only  in  PI, 
hemopoietic  progenitor  cell  differentiation  is  significant  due  to  Fst  and  Sfrpl ,  as  are  negative  regulation  of  bone 
remodeling,  negative  regulation  of  osteoclast  differentiation,  convergent  extension  involved  in  somitogenesis 
and  bone  trabecula  formation. 

Inflammation  and  Innate  immunity 

Characteristics  of  PI  and  P2  include  innate  immune  system  functions,  such  as  opsonization, 
chemotaxis,  positive  regulation  of  macrophage  activation,  positive  regulation  of  phagocytosis  and  others  from 
genes  initially  up-regulated  in  BN2s  19.  In  BN2s  15,  genes  are  induced  in  PI  and  P2  and  return  to  control  levels 
by  P3,  and  concern  response  to  endoplasmic  reticulum  stress  and  endoplasmic  reticulum  unfolded  protein 
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response.  Concordantly,  anti-apoptotic  Bcl2,  which  is  found  in  BN25  6  and  protects  against  endoplasmic 
reticulum  stress[55],  is  at  its  highest  level  in  P2,  and  has  been  associated  with  B-cell  lymphomas[56]  and  other 
cancers  [57],  Endoplasmic  reticulum-related  stress  signifies  that  normal  protein  trafficking  is  disrupted  during 
the  first  two  passages  and  then  resolves  coincidently  with  an  increase  in  growth  rate.  BN25  25,  contains  genes 
that  are  responsible  for  peptide  transport  and  proteolysis,  and  innate  immune  response. 

Angiogenesis  Angiogenesis  promotes  tumor  survival  and  growth,  and  in  this  pseudo-orthotopic  model, 
neovasculature  arises  from  pre-existing  vasculature  in  the  local  stromal  tissue[18].  In  BN2520,  in  which  genes 
are  sharply  down-regulated  during  PI  and  P2,  and  then  rebound  in  P3  and  P4,  Plau,  Col8a1,  and  Nrpl  are 
associated  with  angiogenesis  and  Ddahl,  promotes  endothelial  cell  proliferation  [58].  In  BN2525,  Adamtsl  and 
Sema4a,  associated  with  negative  regulation  of  angiogenesis,  are  sharply  down-regulated.  None  of  these 
genes  is  similarly  regulated  in  the  bone  marrow  or  lung  tissue  microenvironments.  In  BN2517,  Eyal  and  Heyl, 
regulate  sprouting  angiogenesis[59],  are  associated  with  positive  regulation  of  Notch  signaling  pathway,  and 
are  strongly  down-regulated  in  all  three  tissues.  Nevertheless,  revascularization  in  all  three  tissues  is  robust 
(fig.  S5A,  and  S5B),  indicating  that  these  functions  derive  from  the  three  tissue  microenvironments,  and  not 
from  the  tumor  cells.  The  tumor  cells  adapting  to  brain  tissue  do  provide  several  pro-angiogenic  functions 
temporarily,  e.g.  in  BN25 15,  Plxndl,  Vangl2,  Fzd2,  Fzd5  and  Vegfa  promote  patterning  of  blood  vessels  and 
vascular  development. 

Closing  comments 

These  data  show  that  cancer  cells  implanted  in  foreign  tissue  microenvironments  can  initially  respond 
by  expressing  genes  typical  of  the  cells  that  comprise  the  microenvironment.  Genes  in  this  early  response 
class  represent  potential  therapeutic  targets  to  delay  or  prevent  brain  metastasis  using  drugs  already  in  use  for 
other  purposes,  including  Alpl,  Arg2,  Bcl2,  C3,  Chrm3,  Kit,  Maoa,  and  Odcl.  Treatment  with  these  agents  may 
interfere  with  early  adaptation  to  the  extent  that  over-expression  of  any  of  these  genes  is  important  to  cell 
survival  or  progression.  A  few  genes  that  can  be  inhibited  by  known  drugs  or  chemicals  are  up-regulated  at 
early  times  and  persist  or  are  up-regulated  at  later  times,  including  Alpl,  Plat,  and  Pnp.  At  least  three  drugable 
genes  are  initially  down-regulated  by  the  brain  tissue  microenvironment  and  then  return  to  control  levels,  and  if 
this  return  to  control  levels  is  required  for  more  aggressive  growth  these  genes  might  be  of  therapeutic  interest: 
Hdacl,  Jun,  and  Vdr.  Drugs  that  inhibit  these  genes  can  be  seen  in  www.voxvill.org/1 00.IVM/1  OO.IVM.index.php 
and  in  Table  S3. 

The  use  of  in  vitro  cultivation  of  FAC-sorted  tumor  cells  relieves  concerns  that  orthotopic  gene 
expression  measurements  may  be  compromised  by  host  tissue  contamination,  which  is  difficult  to  rule  out  in 
gene  expression  analysis  of  resected  natural  tumors.  Also,  while  the  experimental  tumors,  themselves,  are 
serially  transplanted,  the  organ  tissue  is  not,  thereby  precluding  any  long-term  adaptive  response  on  the  part  of 
the  microenvironment.  Many  other  adaptive  responses  that  occur  in  the  serially  transplanted  tumor  cells, 
including  associations  with  stress  and  wound  healing,  innate  immune  responses,  changes  in  metabolism  and 
others,  can  be  explored  further  at  www.voxvill.org/100.IVM/100.rVM.index.php. 
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Figures  for  manuscript,  above. 
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Figure  1.  (a,  d,  g)  In  vitro  rates  population  doubling  per  day  (PD/D)  for  cells  grown  from 
in  vivo  passages  0-4  for  brain,  bone  marrow,  and  lung  tissue,  respectively,  and  3 
independent  measurements  per  time  point.  Error  bars  represent  one  standard  deviation. 

(b,  e,  h)  In  vivo  growth  rates,  2  animals  per  measurement.  Error  bars  represent  one 
standard  deviation,  (c,  f,  i)  Correlation  between  in  vitro  and  in  vitro  growth  rates;  r  is 
Pearson’s  correlation.  (Note  that  the  cells  of  the  final  time  point  were  not  transferred  into 
the  chamber,  and  therefore  the  second  row  has  one  fewer  time  point  than  the  first). 
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Adaptation  to  Pseudo-Brain 


Figure  2.  Adaptation  of  N202  cells  to  brain  tissue.  N=25.  Gray  lines 
represent  4-fold  changes.  Horizontally,  positions  represent  sequential 
in  vivo  passages,  and  gene  expression  analysis  was  performed  on 
cells  from  each  of  these  passages  expanded  in  vitro. 
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Figure  3.  Cell  morphology  during  adaptation  to  brain 
tissue.  (PO)  The  parental  cell  line  has  short  dendritic 
projections.  (PI)  Cells  after  the  first  passage  become 
slightly  less  dendridic.  (P2)  After  the  second  passage, 
cells  have  very  few  dendritic  projections.  (P3)  Cells 
ofP3  have  numerous,  stumpy  dendritic  extensions, 
and  this  phenotype  is  somewhat  more  pronounced  in 
(P  4). 
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Table  1. 

Significant  GO  Biological  Process  Terms  in  Adaptation  of  N202  Cells  to  Brain  Tissue 

Function 

KMG 

GO  ID 

GO  Biological  Process  Term 

aval* 

Homeostasis 

BN25  6 

G0:0006814 

sodium  ion  transport 

0.0006 

G0:0015807 

L-amino  acid  transport 

0.0008 

G0:000681 1 

ion  transport 

0.0009 

G0:0003333 

amino  acid  transmembrane  transport 

0.006 

BN25  15 

G0:000681 1 

ion  transport 

0.008 

G0:0006820 

anion  transport 

0.03 

G0:0015991 

ATP  hydrolysis  coupled  proton  transport 

0.004 

BN25  18 

G0:0055072 

iron  ion  homeostasis 

0.0009 

G0:0015809 

arginine  transport 

0.042 

BN25 19 

G0:0015837 

amine  transport 

0.018 

Cell  cycle, 

BN252 

G0:0032321 

positive  regulation  of  Rho  GTPase  activity 

0.001 

motility,  and 

G0:0030036 

actin  cy  to  skeletal  organization 

0.003 

morphology 

G0:0032956 

regulation  of  actin  cytoskeleton  organization 

0.016 

G0:0051017 

actin  filament  bundle  assembly 

0.019 

BN254 

G0:0007049 

cell  cycle 

7x1 0'11 

G0:0051301 

cell  division 

4x1  O'7 

G0:0007067 

mitosis 

2x1  O'6 

G0:0006260 

DNA  replication 

8x1  O'6 

G0:0007076 

mitotic  chromosome  condensation 

4x1 0'7 

G0:0006281 

DNA  repair 

0.0002 

G0:0030261 

chromosome  condensation 

0.0004 

G0:0007059 

chromosome  segregation 

9.66x1  O'4 

G0:0006334 

nucleosome  assembly 

0.001 

G0:0006487 

protein  N-linked  glycosylation 

0.002 

G0:0006284 

base-excision  repair 

0.006 

G0:0007099 

centriole  replication 

0.009 

Angiogenesis 

BN25  15 

G0:0001569 

patterning  of  blood  vessels 

0.004 

G0:0001944 

vascular  development 

0.004 

BN25  17 

G0:0045747 

positive  regulation  of  Notch  signaling  pathway 

0.0005 

BN25  20 

G0:0001525 

angiogenesis 

0.003 

BN25  2  5 

G0:0016525 

negative  regulation  of  angiogenesis 

0.03 

Protein  dynamics 

BN25  15 

G0:0034976 

response  to  endoplasmic  reticulum  stress 

0.001 

and 

G0:0030968 

endoplasmic  reticulum  unfolded  protein  response 

0.006 

Innate  immunity 

BN25  19 

G0:0008228 

opsonization 

0.0003 

G0:0006935 

chemotaxis 

0.0004 

G0:0043032 

positive  regulation  of  macrophage  activation 

0.0007 

G0:00507866 

positive  regulation  of  phagocytosis 

0.002 

BN25  2  5 

G0:0015833 

peptide  transport 

0.008 

G0:0006508 

proteolysis 

0.01 

G0:0045087 

innate  immune  response 

0.02 
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Table  2.  Induction  of  neurobiological  functions  in  N202  cells  implanted  with  brain  tissue. 
_ qval  <  0.05,  N  =  25,  PI  Ratio  >  1.5-fold _ 


GO  ID 

GOBiological  Process  Term 

KMG 

+/- 

Gene 

G0:0048846  G0:0021972 
G0:0033563  G0:0090260 
G0:0021836 

axon  extension  involved  in  axon  guidance,  corticospinal  neuron  axon  guidance 
through  spinal  cord,  dorsal/ventral  axon  guidance,  negative  regulation  of 
retinal  ganglion  cell  axon  guidance,  chemorepulsion  involved  in  postnatal 
olfactory  bulb  intemeuron  migration 

6 

+ 

Slit2 

G0:0046928 

regulation  of  neurotransmitter  secretion 

6 

+ 

Celsrl 

G0:0001941 

postsynaptic  membrane  organization 

6 

+ 

Chmbl 

G0:000741 1 

axon  guidance 

9 

+ 

Epha4  Etvl 

Gli3  Sema5a 

G0:0097156  G0:0097155 
G0:0048681  G0:0008347 
G0:0048710 

fasciculation  of  motor  neuron  axon,  fasciculation  of  sensory  neuron  axon, 
negative  regulation  of  axon  regeneration,  glial  cell  migration,  regulation  of 
astrocyte  differentiation 

9 

+ 

Epha4 

G0:0007399 

nervous  system  development 

9 

+ 

Epha4  Sema5a 
Sema7a 

G0:0035633  G0:0032227 
GO:0031915  GO:0051968 
G0:0019233  G0:0007613 

maintenance  of  blood-brain  barrier,  negative  regulation  of  synaptic 
transmission,  dopaminergic,  positive  regulation  of  synaptic  plasticity,  positive 
regulation  of  synaptic  transmission,  glutamatergic,  sensory  perception  of  pain, 
memory 

12 

+ 

Ptgs2 

G0:0008090 

retrograde  axon  cargo  transport 

13 

+ 

Dst  Ndell 

G0:0050905 

neuromuscular  process 

13 

+ 

Agtpbpl  Atxn2 
Hoxal 

G0:0090177 

establishment  of  planar  polarity  involved  in  neural  tube  closure 

15 

+ 

Vangl2 

G0:0090179 

planar  cell  polarity  pathway  involved  in  neural  tube  closure 

15 

+ 

Vangl2  Fzd2 

G0:0032902 

nerve  growth  factor  production 

15 

+ 

Pcsk6 

G0:0033603 

positive  regulation  of  dopamine  secretion 

15 

+ 

Slcl8al 

G0:0050953 

sensory  perception  of  light  stimulus 

15 

+ 

Myo7a 

G0:0043382 

positive  regulation  of  memory  T  cell  differentiation 

15 

+ 

1123a 

G0:0021952  G0:0001764 

central  nervous  system  projection  neuron  axonogenesis,  neuron  migration 

18 

+ 

Nr4a2  Dclkl 

G0:0021953  G0:0042416 
G0:0042053 

central  nervous  system  neuron  differentiation,  dopamine  biosynthetic  process, 
regulation  of  dopamine  metabolic  process 

18 

+ 

Nr4a2 

G0:0014043  G0:2000173 
G0:0060161  G0:0022028 

negative  regulation  of  neuron  maturation,  negative  regulation  of  branching 
morphogenesis  of  a  nerve,  positive  regulation  of  dopamine  receptor  signaling 
pathway,  tangential  migration  from  the  subventricular  zone  to  the  olfactory 
bulb 

18 

+ 

Lrrk2 

G0:0042135  G0:0042420 

neurotransmitter  catabolic  process,  dopamine  catabolic  process 

18 

+ 

Maoa 

G0:0010975 

regulation  of  neuron  projection  development 

18 

+ 

Klk6 

G0:0051971  G0:0050966 

positive  regulation  of  transmission  of  nerve  impulse,  detection  of  mechanical 
stimulus  involved  in  sensory  perception  of  pain 

18 

+ 

Itga2 

G0:0007271 

synaptic  transmission,  cholinergic 

18 

+ 

Chrm3 

G0:0008088  G0:0002175 

axon  cargo  transport,  protein  localization  to  paranode  region  of  axon 

19 

+ 

Ugt8a 

G0:0006836 

neurotransmitter  transport 

19 

+ 

Slc6al4 

G0:0048170 

positive  regulation  of  long-term  neuronal  synaptic  plasticity 

19 

+ 

Kit 

G0:0048676 

axon  extension  involved  in  development 

22 

+ 

Mtaplb 

G0:2000734 

negative  regulation  of  glial  cell-derived  neurotrophic  factor  receptor  signaling 
pathway  involved  in  ureteric  bud  formation 

22 

+ 

Gata3 

GO:0031 175 

neuron  projection  development 

22 

+ 

Btg2  Cd24a 

Ptk2b 

G0:0010976 

positive  regulation  of  neuron  projection  development 

22 

+ 

Cd24a  Lif 

Ptk2b 

G0:0051930 

regulation  of  sensory  perception  of  pain 

22 

+ 

Ednl  F2r 

G0:004871 1 

positive  regulation  of  astrocyte  differentiation 

22 

+ 

Lif  Clcfl 

G0:0048484 

enteric  nervous  system  development 

2 

- 

Phactr4 

G0:0001774 

microglial  cell  activation 

2 

- 

Jun 

G0:0002282 

microglial  cell  activation  involved  in  immune  response 

2 

- 

Tlr2 

G0:0021766 

hippocampus  development 

2 

- 

Hdacl  Lrp8 

G0:0050772 

positive  regulation  of  axonogenesis 

4 

- 

Sema4d  Shox2 

G0:004801 1 

nerve  growth  factor  receptor  signaling  pathway 

9 

- 

Sortl 

G0:0007638 

mechanosensory  behavior 

9 

- 

Etvl 

G0:0048678 

response  to  axon  injury 

14 

- 

Erbb2  Sodl 

G0:0043525 

positive  regulation  of  neuron  apoptotic  process 

16 

Map3kl  1 

Bcl211 1  Casp9 
Ptprf  Cdc42 

G0:0043526 

neuroprotection 

17 

- 

Ccl5 

G0:0045664 

regulation  of  neuron  differentiation 

17 

- 

Eyal 

17 


G0:0001580 

detection  of  chemical  stimulus  involved  in  sensory  perception  of  bitter  taste 

17 

Rtp4 

G0:0007413  G0:0030517 
G0:0048843  G0:0048841 
G0:0048485  G0:0021636 

axonal  fasciculation,  negative  regulation  of  axon  extension,  negative  regulation 
of  axon  extension  involved  in  axon  guidance,  regulation  of  axon  extension 
involved  in  axon  guidance,  sympathetic  nervous  system  development, 
trigeminal  nerve  morphogenesis 

20 

Nrpl 

G0:0010977 

negative  regulation  of  neuron  projection  development 

20 

Lgalsl 

G0:0070997 

neuron  death 

20 

Plau 

G0:0001956 

positive  regulation  of  neurotransmitter  secretion 

25 

Sphkl 

18 


Table  3.  Induction  or  repression  of  genes  associated  with  neurobiological  GO  processes  in  the  first 
_ passage  (PI),  qval  <  0.05,  N  =  9, 16,  25,  36.  PI  Ratio  >  1.5-fold _ 


Expt 

UP 

DN 

UP.cnt 

DN.cnt 

BM9 

Sema7a  Eyal  Erbb2  Sodl  Hesl  Dill  Slc5a3 
Etv5  Vim 

0 

9 

BM16 

Ptgs2  Ptgsl  Fam134b  Nr4a2  Hoxal 

Sema7a  Eyal  Slit2 

5 

3 

BM25 

Nr4a2  Tubb2b  Sfrpl  Tlr2  Ptgs2  Ptgsl  Klk8 

Sema7a  Slit2  Etvl  Sema5a  Erbb2  Dill  Bcl2  Egrl 
Casp3  Itga2  Eyal 

7 

11 

BM36 

Nr4a2  Hoxal  Pdzrn3  Tlr2  Sfrpl  Ptgsl  Ndrgl  Rac3 
Palld  Ednl  Ptgs2 

Eyal  Hesl  Sema7a  Bcl2  Slit2  Sema5a  Itga2 

11 

7 

BN9 

Nr4a2  Dclkl  Tgfb2  Lif  Itgal  Ugt8a  Slit2  Clcfl  Lrrk2 
Ptgs2 

Sema7a  Lgalsl  Rtp4  Jak2  Jun  Ntnl  Nrpl  Sixl 
Lgmn  Hdacl  Hipk2  Adam8 

10 

12 

BN16 

Ptgs2  Nr4a2  Dclkl  Tgfb2  Lif  Vangl2  Cobl  Celsrl 
Fzd2  Dbnl  Vegfa  Slc1a2  Chacl  Slit2  Sema3b 
Ugt8a  Lrrk2  Kit  Klk6  Agtpbpl  Atxn2  Hoxal  Aars 
Cln3  Rora  Cd24a  Scrib  Cdk5  Epha4  Gli3  Etvl 
Sema5a  Flotl  Btg2  Mapk8  Ptk2b  Wnt7b  Areg 
Prmtl  LI  cam  Hmga2 

Phactr4  Tlr2  Sema7a  Ccl5  Eyal  Rtp4  Erbb2 
Sodl  Sortl  Utplll  Ntnl  Nrpl  Sphkl 

41 

13 

BN25 

Slit2  Celsrl  Chrnbl  Epha4  Etvl  Gli3  Sema5a 
Sema7a  Ptgs2  Dst  Ndell  Agtpbpl  Atxn2  Hoxal 
Vangl2  Fzd2  Pcsk6  Slc18a1  Myo7a  1123a  Nr4a2 
Dclkl  Lrrk2  Maoa  Klk6  Itga2  Chrm3  Ugt8a  Slc6a14 
Kit  Mtaplb  Gata3  Btg2  Cd24a  Ptk2b  Lif  Ednl  F2r 
Clcfl 

Phactr4  Jun  Tlr2  Hdacl  Lrp8  Sema4d  Shox2 
Sortl  Etvl  Erbb2  Sodl  Map3k11  Bcl2l11  Casp9 
Ptprf  Cdc42  Ccl5  Eyal  Rtp4  Nrpl  Lgalsl  Plau 
Sphkl 

39 

23 

BN36 

Dst  Ndell  Ccl2  Arhgef7  Hifla  Sema3c  Vangl2 
Chrm3  Celsrl  Syngrl  Lmo4  Serpine2  Pcsk6 
Slc18a1  Tcfap2a  Cln3  Dbnl  Vegfa  Slc1a2  Chacl 
Jhdmld  Itga2  Myo7a  Lif  Epha4  Etvl  Sema5a 
Ugt8a  Slc6a14  Kit  Mtaplb  Gata3  Cd24a  Gdfll 
Btg2  Ptk2b  Tbc1d24  Chrnbl  1123a  Clcfl  Rndl  Klk6 
Ednl  Ptgs2  Slit2  Dclkl  Nr4a2  Lrrk2  Maoa 

Ccl5  Eyal  Rtp4  Ntnl  Sema7a  Rbl  Shcl  Melk 
Shox2  Ndrgl  Tlr2  Map3k11  Bcl2l11  Casp6 
Casp9  Etvl  Jak2  Jun  Nrpl  Lgalsl  Plau  Sphkl 
Arrbl 

49 

23 

LN9 

Eyal  Nf  1  Efna3  Cdon 

Clcfl  Crlfl  Slit2  Adm  Sema5a  Sema7a  Hesl 
Dill  Notch  1 

4 

9 

LN16 

Eyal  Efna3  Nr4a2  Ptgs2 

Sema7a  Clcfl  Crlfl  Slit2  Etvl  Abliml  Adm  Itga2 
Gnas  Rtp4 

4 

10 

LN25 

Nr4a2  Hoxal  Agrn  Pdzrn3  Gpr115  Lphn2  Gpr56 
Trp53bp2  Arsb  Arsa  Chd7  Grhl3  Maoa  Eyal  Efna3 
Tlr2 

Id4  Hesl  Gnas  Egrl  Casp3  Plau  Itga2  Slit2  Adm 
Etvl  Shox2  Palm  Rtp4  Sema7a  Cav2  Lynxl 

16 

16 

LN36 

Nr4a2  Tcfap2a  Agrn  Pdzrn3  Tlr2  Ptgs2  Maoa  Eyal 
Efna3 

Nrtn  Efnbl  Hesl  Rarb  Egln3  Etvl  Atp6v1b1 
Casp3  Itga2  Cav2  Sema7a  Shox2  Slit2  Adm 
Sema5a  Sema3e  Id4  Klk6  Gnas  Rtp4 

9 

20 

19 
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Plk4,  Sass6,  Cetn2 

BN25  6 

G0:0006814 

sodium  ion  transport 

0.0006 

G0:0015807 

0.0008 

Slc38a1 ,  Slclal ,  Slc7a5 

G0:000681 1 

ion  transport 

0.0009 

Atplbl,  Tcn2,  Chrnbl,  Slc38a1,  Slc5a3,  Lrrc26, 
Slc34a2,  Atp6v0e2 

G0:0003333 

amino  acid  transmembrane 
transport 

0.006 

Slc38a1  ,  Slclal  ,  Slc7a5 

BN25  15 

G0:000681 1 

ion  transport 

0.008 

Slc5a8,  G630090E17Rik,  Cacnb3,  Slc39a4, 
Atp6v1f,  Atp6v0a4,  Atp6v1b2,  Slc38a7 

G0:0006820 

0.03 

Slc1a4,  Slc1a2 

G0:0015991 

ATP  hydrolysis  coupled  proton 
transport 

0.004 

Atp6v1f,  Atp6v0a4,  Atp6v1b2 

G0:0001569 

patterning  of  blood  vessels 

0.004 

Plxndl,  Vangl2,  Vegfa 

G0:0001944 

vascular  development 

0.004 

Fzd5,  Fzd2,  Vegfa 

G0:0034976 

response  to  endoplasmic 

0.001 

Fam129a,  Ddit3,  Scamp5 
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reticulum  stress 

G0:0030968 

endoplasmic  reticulum  unfolded 
protein  response 

0.006 

Ddit3,  Ppp1r15a,  Herpudl 

BN25  18 

G0:0055072 

0.0009 

G0:0015809 

0.042 

Slc7a2 

BN2519 

G0:0015837 

0.018 

Slc6a14 

G0:0008228 

opsonization 

0.0003 

Sftpd,  Lbp 

G0:0006935 

chemotaxis 

0.0004 

S100a8,  Kit,  Cxcl5 

G0:0043032 

positive  regulation  of 
macrophage  activation 

0.0007 

1133,  Lbp 

G0:00507866 

positive  regulation  of 
phagocytosis 

0.002 

Sftpd,  Sirpa 

BN25  20 

G0:0001525 

angiogenesis 

0.003 

Plau,  Col8a1,  Nrpl 

BN25  25 

G0:0015833 

peptide  transport 

0.008 

Tapi,  Tap2 

G0:0006508 

proteolysis 

0.01 

Lgmn,  Adamtsl,  Adamts5,  Psmb9,  Eml3,  Ctsw, 
Ermpl,  Ctso,  Ecel 

G0:0045087 

innate  immune  response 

0.02 

Jak2,  Ifihl,  Zbpl,  SpllO 

Bone 

BM25  4 

G0:0045670 

regulation  of  osteoclast 
differentiation 

0.0006 

5730469M10Rik,  Adam8 

BM25  19 

G0:0030500 

0.0004 

G0:0001525 

0.0006 

Lung 

LN25  19 

G0:0060484 

lung-associated  mesenchyme 
development 

0.001 

Ptk7,  Hoxa5,  Fgfrl 
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Table  S2:  Genes  induced  in  different  passages  in  brain  tissue 

Timing 

highest 
in  PI 

>4-fold  up-regulated 

Akr1b3,  Ccl9,  Crctl,  Gm6644,  Jam2,  Kctd12b, 
Klk6,  Klk9,  Lrrk2,  Maoa,  Mcpt8,  Moxdl,  Neto2, 
Nr4a2,  Nt5dc2,  Pcdh7,  Pgapl,  Pilrb2,  Rnasel, 
Slclal,  Slc7a2,  Slit2,  Sparc,  Steapl 

highest 
in  PI  and 
P2 

>4-fold  up-regulated, 
approximately  equal  in 

PI  and  P2 

Atplbl,  Car6,  Chi3l1 ,  Chrm3,  Cldnl,  Cxcl5, 
Fam73a,  Gpx2,  Hlf,  Il1f6,  Isynal,  Itgal,  Kit, 

Lass6,  Ltf,  Manlcl,  Pilrbl,  Prss12,  S100a8, 

Sftpd,  Sirpa,  Slc38a1,  Slc6a14,  Synel,  Tmem47, 
Tnfrsf21,  Ugt8a,  Zc4h2. 

highest 
in  P2 

>4-fold  up-regulated 

None  of  these 
is  similarly 
regulated  in 
the  bone 

marrow  or 
lung. 

Akap12,  Aldhl  12,  Armcx2,  Chacl,  Chrm3,  Csn3, 
Ctxnl,  Cxxla,  Dbnl,  Ddit3,  Dip2c,  Ehf, 

Fam129a,  Fndcl,  Gadd45a,  Gdpdl,  Gjb3, 

Gm129,  Gpt2,  Gpx2,  Gvinl,  1133,  Klhl38,  Klk14, 
Lbp,  Mlana,  Mthfd2,  Phyhdl,  Pigr,  Plekhbl, 

Reep6,  Renbp,  Tc2n,  Tmem150a,  Trib3,  Wifi. 

highest 
in  P3 

>4-fold  up-regulated 

2310002L13Rik,  Aicda,  Akr1b8,  Anxa8,  Gstal, 
Has2  ,  Lcelh,  Lceli,  Ly6c1,  ,  Ly6d,  Rbp7, 
Serpinel 

highest 
in  P3  and 
P4 

>4-fold  up-regulated, 
approximately  equal  in 

P3  and  P4 

Lcelg,  Ly6a, Ly6c2 

highest 
in  P4 

>4-fold  up-regulated 

Aicda,  Car9,  Ddr2,  Il2rg,  Ly6a,  Ly6c2,  Olfml3, 

Orml 

high  in 

P4  in  all 
tissues 

>2-fold  up-regulated 

2310002L13Rik,  Aicda,  Akr1b8,  Anxa8,  Arhgdib, 
Cbr2,  Cxcl5,  Gstal,  Has2,  Il1f6,  Il2rg,  Lass3, 

Ly6a,  Ly6c1,  Ly6c2,  Ly6d,  Mela,  Olfml3,  Pcolce, 
Pcolce2,  Ppbp,  Prnd,  Rbp7,  Reep6,  Rndl, 

S100a8,  Samd12,  Serpinel,  Tnip3,  U90926 

~4-fold  down-regulated  in 
P4 

1 300014106 Rik,  150001 501  ORik,  Adamts9, 

AtplOb,  BC005685,  Ccdc141,  Clca5,  Cldn2, 

Cpm,  Epha4,  Eyal,  Eya2,  Gadrp,  Gstml,  Heyl, 
Lrt23,  Lectl,  Ms4a6d,  Ppargcla,  Sd[r,  Sema7a, 
Slc38a1,  Slco1a5,St8sia1,  Trpm3 

higher 
than 
control 
in  all 
tissues 
in  at 

least  one 
passage 

>2-fold  up-regulated  in  all 
tissues  in  at  least  one 
passage 

2310002L13Rik,  9930023K05Rik,  Adam8, 

Afaplll,  Aicda,  Akr1b8,  Alpl,  Anxa8,  Apobecl, 
Arhgdib,  Assl,  AtplOd,  Atp6v0a4, 

C630004H02Rik,  Car9,  Cbr2,  Cdc42ep2,  Cdhrl, 
Cldnl,  Csf3,  Cxcll,  Cxcl5,  Dse,  Ednl,  Fosll, 
Fxyd5,  Gatsl3,  Gm10639,  Gstal,  Gsta2,  Has2, 
M1f6,  M2rg,  Itgb6,  Lass3,  Lipg,  Ltf,  Ly6a,  Ly6c1, 
Ly6c2,  Ly6d,  Ly96,  Lypd3,  Mela,  Muc20,  Ndrgl, 
Olfml3,  Pak3,  Palld,  Pcolce,  Pcolce2,  Pdgfb, 

Pilrb2,  Plscr2,  Ppbp,  Prkch,  Prnd,  Ptgs2,  Rbp7, 
Reep6,  Rgs16,  Rnasel,  Rndl,  S100a14,  S100a8, 
Samd12,  Serpinel,  Sh3bp1,  Slco2a1,  Stc2,  Tigit, 
Timpl,  Tlr2,  Tnip3,  Tspanl,  U90926 

lower 
than 
control 
in  P4  in 
all 

tissues 

>2-fold  down-regulated  in 
all  tissues  in  P4 

150001 501  ORik,  Ak3,  AtplOb,  Atp6v1b1, 
BC005685,  Ccl5,  Cldn2,  Epha4,  Eyal,  Gabrp, 
Gstml,  Gzme,  Heyl,  Lectl,  Maoa,  Mcpt8, 

Ms4a6d,  Plekhbl,  Ppargcla,  Sdpr,  Sema7a, 
Slco1a5,  Slit2,  Trpm3,  Zc4h2. 

down- 
regulated 
in  all 
tissues 

>2-fold  down-regulated  in 
all  tissues  in  any  passage 

150001 501  ORik,  Adamts9,  Ak3,  Aldh3a1, 

Anxa9,  Atpl  Ob,  Atp6v1  bl ,  AW1 12010, 

BC005685,  Cadml,  Car2,  Ccl5,  Ceacaml, 

Clca5,  Cldn2,  D10Bwg1379e,  Dill,  Dusp6, 
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in  at 

least  one 
passage 

Efna3,  Epha4,  Etvl,  Eyal,  Eya2,  Fnl,  Foxil, 
Gabrp,  Galnt7,  Gm14005,  Grb14,  Gstml, 

GtpbpIO,  Gzme,  Heyl,  Hsdllbl,  Ifi44,  Kcnn4, 
Krt23,  Lama4,  Lbh,  Lectl,  Maoa,  Mcpt8,  Mlst8, 
Ms4a6d,  Papin,  Pgf,  Pilra,  Pla2g16,  Plekhbl, 
Ppargcla,  Rampl,  Rnyl,  S100a4,  Saa3,  Sdpr, 
Sema5a,  Sema7a,  Sftpd,  Slclal,  Slco1a5,  Slit2, 
Snora44,  St8sia1,  St8sia6,  Tgfbr3,  Timp3, 

Trpm3,  Tspan13,  Txnip,  Unc80,  Zc4h2 

strongly  up-regulated 
(>4-fold)  in  all  three 
tissues  by  P4 

Aicda,  Akr1b8,  Anxa8,  Has2,  Il2rg,  Ly6a,  Ly6d, 
Orml,  Serpinel  and  Rpb7 

Supplemental  Material  Table  1:  Summary  of  GO  Biological  Process  terms  discussed  in  the  text. 

*See  Supplemental  Material:  Analysis  of  BNg  groups  1-9,  below. 

Color  coding:  Neurobiological,  Cell  cycle,  adhesion,  and  motility,  Homeostasis,  Bone  marrow, 
Angiogenesis,  Protein  synthesis,  Stress,  Various. 
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Table  S3  Gene-Drug  pairs 

Gene 

Drug 

Ref 

Alpl 

levamisole 

(1) 

Arg2 

difluoromethylornithine 

(2) 

Bcl2 

AT-101  ,  ABT-263,  oblimersen  and  others 

(3-5) 

C3 

peptide  inhibitors 

(6) 

Chrm3 

cevimeline,  others, 

(7-10) 

Kit 

imatinib,  others 

(11-14) 

Maoa 

tranylcypromine,  others 

(15-17) 

Odcl 

difluoromethylornithine 

(18)) 

Plat 

6-aminohexanoic  acid 

(19) 

Pnp 

BCX-34,  others 

(20-22) 

Hdacl 

MI-129,  others 

(23-25) 

Jun 

T5224 

(26) 

Vdr 

Paricalcitol,  others 

(27-29) 
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Materials  and  Methods 

Platinum  chambers  were  fitted  in  the  dorsal  skinfold  of  male  nude  mice  by  surgery  as  described 
extensively  in  (30-32).  Brain  and  lung  tissue  were  obtained  from  donor  mice,  minced  with  a  razor  blade  and 
introduced  into  the  chamber.  These  tissues  were  allowed  to  revascularize  for  7-10  days,  whereupon  spheroids 
prepared  from  the  HER2-positive  mouse  breast  cancer  cell  line  N202  (9)  were  implanted  on  top  of  the  bone 
marrow,  lung  tissue,  or  brain  tissue.  These  N202  cells  expressed  GFP  from  a  stably  integrated  H2B-GFP 
construct.  Growth  of  the  N202  cells  was  followed  via  the  GFP  using  fluorescence  microscopy  through  the 
window  of  the  dorsal  skin  fold  chamber.  After  21  days,  the  developing  tumors  were  removed  from  the 
chambers  and  placed  back  into  cell  culture  for  2-4  weeks,  whereupon  new  spheroids  were  again  prepared  and 
a  new  cycle  of  implantation  into  freshly  prepared  dorsal  skin  fold  chambers  was  initiated.  This  was  repeated  for 
a  total  of  4  cycles. 

At  each  cycle,  RNA  was  harvested  from  the  same  cell  cultures  that  were  used  to  form  the  spheroids  for 
gene  expression  analysis  on  Affymetrix  GeneChip™  mouse  gene  1.0  St  array,  following  the  manufacturer’s 
protocol  for  target  preparation,  hybridization,  washing  and  scanning.  Briefly,  the  cells  were  grown  to  60-70% 
confluency.  Total  RNA  was  extracted  using  an  RNeasy  Mini  Kit  (Qiagen,  Valencia,  CA)  following  the 
manufacturer’s  instructions.  RNA  concentration  was  determined  spectroscopically,  and  integrity  was  assessed 
qualitatively  by  agarose  gel  electrophoresis.  lOOng  of  total  RNA  was  used  for  target  preparation. 

The  parental  cell  line  served  as  a  common  control.  Technical  replicates  starting  with  cells  in  culture  for 
the  common  control  (P0)  and  for  the  cells  harvested  at  the  four  time  points  (PI -4)  for  cells  adapted  to  brain 
tissue  were  performed.  Cells  harvested  from  bone  marrow  and  lung  tissue  were  analyzed  once  per  time  point. 
Gene  expression  data  were  processed  using  RMA  (Robust  Multiarray  Average)  (33)  from  within  Affymetrix 
Expression  Console  Software  (Figure  IS).  Data  were  analyzed  using  routines  written  in  R  (34). 

Genes  were  filtered  for  those  having  signal  intensities  exceeding  95%  of  the  signals  from  negative 
hybridization  controls,  which  yielded  10,522  positive  probe  sets  (Figure  S2). 

Ratios  were  obtained  by  dividing  the  signal  log  ratios  of  intensities  obtained  for  each  gene  after  each  of 


Robust  Multiarray  Average  (RMA) 


Trained  ceil  lines 

Figure  SI .  The  robust  multiarray  average  implemented  in  Affymetrix 
Expression  Array  Console  Software.  UT  =  Untrained,  BN=brain,  BNr=brain 
technical  repeat,  BM=bone  marrow,  LN=lung,  BR=breast. 


the  four  serial  passages  described  above,  creating  a  5  element  vector  for  each  gene  of  the  form  (0,  xi,  x2,  x3, 
x4)  where  xn  are  the  ratios  for  each  passage,  and  these  vectors  were  sorted  into  kmeans  groups.  When  using 
kmeans,  a  decision  must  be  made  regarding  the  number  of  groups,  N,  and  there  is  no  rigorously  correct  way  to 
do  this.  One  approach  is  to  set  a  maximum  acceptable  fitting  error  (i.e.  the  ‘sum  of  squares  within’),  another  is 
to  track  the  error  assuming  different  numbers  of  groups  and  to  choose  a  number  of  groups  beyond  which  the 
error  no  longer  decreases  rapidly  (i.e.  identify  an  “elbow”),  and  a  third  is  to  try  different  numbers  of  groups  and 
test  them  post  hoc  for  statistically  significant  biological  correlations.  We  find  statistically  significant  correlations 
with  GO  biological  process  terms  using  different  assumptions  for  N.  P-values  were  determined  by  Fisher’s 
exact  test  and  corrected  to  yield  the  false  discovery  rate  (FDR)  according  to  Benjamini  and  Hochberg(35). 

This  was  done  assuming  N=9,  16,  25,  36,  49,  and  64,  where  N  corresponds  to  the  number  of  kmeans 
groups.  Duplicate  microarrays  were  performed  for  the  parental  (unadapted)  cell  line  (Figure  S3)  and  for  each 
time  point  of  the  brain  experiment  (Figure  S4),  and  duplicate  signal  measurements  were  averaged  after  RMA. 
For  the  bone  marrow  and  lung  experiments,  a  single  microarray  experiment  was  done  for  each  time  point. 


Histogram  of  signal  intensities 


signal 

Figure  S2.  Histogram  of  PM  signals  on  Affymetrix  arrays.  Yellow=all 
PM  scores,  Red=negative  hybridization  controls,  Blue=positive 
hybridization  “spike-in”  controls  provided  by  the  manufacturer.  The 
vertical  red  line  is  placed  at  the  position  above  95%  of  the  negative 
controls.  Genes  were  included  for  which  the  signal  exceeded  this 
threshold  for  at  least  one  trained  or  untrained  cell  line. 

Each  gene  was  matched  to  GO  Biological  Process  Terms.  Annotations  were  the  union  of  the  original 
Affymetrix  GeneChip™  mouse  genel.O  St  array  provided  by  the  Affymetrix  Expression  Console  software  and 
annotations  from  Mouse  Genome  Informatics  (http://www.informatics.iax.org).  For  each  value  of  N,  the 
frequency  of  each  GO  Biological  Process  Term  within  N  kmeans  groups  was  calculated.  Values  for  the 
expected  frequencies  were  calculated  based  on  the  number  of  genes  in  each  group.  For  each  GO  term  and  for 
each  group,  a  2x2  contingency  table  was  generated  containing  the  expected  and  observed  frequencies, 
compared  with  the  frequency  of  the  term  and  the  total  number  of  genes.  Fisher’s  exact  test  was  performed  on 
each  contingency  table  to  give  a  list  of  terms  and  p-values  associated  with  kmeans  group.  This  is  a  multiple 
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testing  situation,  so  false  discovery  rates  (qval)  were  calculated  by  sorting  p-values  from  largest  to  smallest 
and  dividing  by  their  rank,  according  to  Benjamini  and  Hochberg(35).  These  lists  were  then  sorted  by  qval  from 
smallest  to  largest  and  stored  in  a  MySQL  database.  A  web  interface  was  built  to  access  this  database.  Genes 
and  GO  terms  are  cross-referenced  by  links  to  NCBI/Gene  and  AmiGO  (http://amiqo.qeneontoloqv.org),  re 

We  used  Therapeutic  Targets  Database  drug-gene  database  (http://bidd.nus.edu.sq/qroup/ttd/  )  and 
biodbnet  (http://biodbnet.abcc.ncifcrf.gov/  )  for  conversions,  the  latter  was  necessary  to  recover  official  gene 


Untrained  Replicates 


UT1 

Figure  S3.  Scatterplot  of  RMA-normalized  untrained 
control  replicates.  UT 1  and  UT2  microarrays  were 
repeated  beginning  with  two  independent  cell  cultures 
and  corresponding  RNA  preparations. 

symbols  for  cross-species  comparison.  It  should  be  kept  in  mind  that  identical  or  similar  drug  effects  across 
species  cannot  be  assured. 

Each  passage  of  N202  for  the  three  tissues  were  seeded  at  30000  cells  in  triplicate  and  counted  every 
three  days  during  two  weeks.  Two  independent  measurements  of  each  cell  culture  were  done  and  a  third  one 
was  done  if  discrepancies  were  seen  between  these  measurements.  The  mean  was  calculated  for  each  time, 
using  these  6  +  values. 

Table  2  was  generated  by  identifying  GO  Biological  Process  Terms  that  pertained  to  brain  by  partial 
matches  between  the  GO  term  and  the  words  or  partial  words  “axon”,  “neuro”,  “neural”,  “brain”,  “neocortex”, 
“nerve”,  “glial”,  “hippocampal”,  “hippocampus”,  “cerebellar”,  “cerebral”,  “dopa”,  “synaptic”,  “sensory”, 
“astrocyte”,  “olfactory”,  and  “memory”. 
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Figure  S5A.  Bright  field  images  showing  that  neovascularization  of  the  developing  tumor  (evident  as 


a  raised,  bright  nodule)  becomes  robustly  in  the  first  passage  (PI)  in  all  three  tissues,  brain  (bn), 


bone  marrow  (bm),  and  lung  (In). 
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Figure  S5B.  Bright  field  images  of  N202  cells  growing  in  three  successive  passages  (PI -3)  of 


independently  adapting  lineages  on  brain  tissue  illustrating  that  vascularization  is  robust  for  all 


passages. 
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Figure  S6.  Biological  replicate  of  transplantation  of  N202  tumor  cell  spheroids  to 
brain  tissue.  This  biological  replicate  was  performed  exactly  as  the  initial  experiment. 
There  is  no  reason  to  anticipate  that  the  rate  of  evolution  in  two  independent 
experiments  would  be  identical.  Therefore,  we  sought  to  match  the  two  sequential 
passages  repPI  and  repP2  from  the  replicate  experiment  to  the  appropriate  position  in 
the  original  time  course,  P0-P4.  To  achieve  this,  a  spline  curve  was  fit  to  every  gene  in 
the  plot  of  passage  vs.  RMA-normalized  gene  expression  signal.  We  used  these  spline 
curves  to  fill  a  matrix  of  interpolated  intermediate  values  for  each  gene  at  intermediate 
passages,  e.g.  PO,  P0.002,  P0.004,...P4.000.  We  then  calculated  the  sum  of  absolute 
differences  between  repPI  and  every  column  in  this  matrix,  and  assigned  repPI  to  the 
column  in  the  matrix  where  this  statistic  was  minimum.  The  position  assignment  was 
based  on  1000  random  “bootstrap”  samples  of  100  randomly  sampled  genes.  This  was 
repeated  for  repP2.  Histograms  indicated  that  repPI  and  repP2  fit  best  at  P2.65  (blue) 
and  P3.82  (red),  respectively.  The  grey  line  corresponds  to  original  P2  as  an  algorithm 
check. 
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Adaptation  to  Pseudo-Brain 
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Adaptation  to  Pseudo-Bone  Marrow 
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Adaptation  to  Pseudo-Lung 
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Abstract:  Intra-Vital  Microscopy  (IVM)  is  used  to  visualize  tumors  in  animals  and  analyze  various  aspects  of  cancer 
physiology  such  as  tumor  vascularization,  cell  migration  and  metastasis.  The  main  advantages  of  IVM  include  the  real 
-time  analysis  of  dynamic  processes  with  single-cell  resolution.  The  application  of  IVM,  however,  is  limited  by  the 
availability  of  animal  models  that  carry  visually  accessible  tumors.  These  models  have  evolved  over  time  to  become 
more  and  more  relevant  to  human  tumors.  The  latest  step  is  the  development  of  a  pseudo-orthotopic,  syngeneic 
model  for  tumor  growth  and  metastasis.  In  this  model,  tissue  from  a  variety  of  mouse  organs  are  grafted  in  a  dorsal 
skinfold  chamber  and  allowed  to  revascularize,  whereupon  tumor  cell  spheroids  are  implanted.  These  spheroids  de¬ 
velop  into  tumors  that  bear  a  much  closer  resemblance  to  human  tumors  than  xenografts.  Unlike  xenografts,  the 
vasculature  is  well-ordered  and,  because  the  model  is  syngeneic,  there  are  no  cross-species  host  immune  reactions. 
The  use  of  fluorescence-tagged  pseudo-organs  and  tumor  cells  allows  IVM  analysis  and  provides  real-time  access  to 
the  development  of  tumors  that  closely  resemble  the  real  disease.  This  model  can  be  used  to  test  therapeutics  and 
to  image  tumor  development  and  stroma-tumor  interactions. 

Keywords:  Intra-Vital  Microscopy  (IVM),  mouse  dorsal  chamber  model,  solid  tumor,  cancer,  vascularization,  cell  migra¬ 
tion  and  metastasis 


Introduction 

Over  1,5  million  new  cancer  cases  and  569,490 
deaths  from  cancer  were  projected  to  occur  in 
the  United  States  in  2010  [1].  Cancer  incidence 
rates  have  decreased  in  recent  times,  but  de¬ 
spite  progress  in  detection  and  treatment  the 
death  toll  remains  high  and  new  therapeutic 
approaches  are  needed. 

There  are  many  physiological  aspects  to  cancer 
progression  that  must  be  understood  if  we  are 
to  fight  cancer  more  effectively  [2].  A  tumor  is 
not  just  a  mass  of  cancer  cells  that  are  prolifer¬ 
ating  without  control.  There  are  many  stresses 
associated  with  the  development  of  a  tumor 
that  cancer  cells  need  to  overcome  such  as,  for 
example,  the  lack  of  oxygen  when  the  tumor 
mass  increases  (hypoxia)  and  the  resulting  de¬ 
crease  in  extracellular  pH  (acidification),  or  even 
the  stresses  caused  by  chemo  or  radiotherapy. 
As  a  result,  a  fraction  of  cancer  cells  develop 
resistance  to  various  forms  of  cell  death.  In  ad¬ 
dition,  myriad  changes  take  place  in  the  sur¬ 


rounding  tissue  that  apparently  promote  tumor 
survival. 

This  concept  was  proposed  by  Paget  in  his  fa¬ 
mous  ‘seed  and  soil’  hypothesis  as  early  as 
1889  [3]  and  has  since  been  supported  by  large 
amounts  of  data.  While  a  normal  tissue  environ¬ 
ment  inhibits  the  proliferation  of  cancer  cells 
and  slows  down  tumor  formation,  disruption  of 
this  environment  caused  by  chronic  injury,  in¬ 
flammation  or  hereditary  alterations  in  key 
genes  regulating  tissue  remodeling  may  help 
initiate  cancer.  In  any  case,  the  environment 
found  in  the  vicinity  of  tumors  is  hardly  normal, 
as  the  stroma  reacts  to  the  presence  of  cancer 
cells  [4,  5].  Stroma  changes  include  the  recruit¬ 
ment  of  cancer-associated  fibroblasts,  smooth 
muscle  cells  and  endothelial  cells,  and  of  im¬ 
mune  cells  such  as  tumor  associated  macro¬ 
phages,  tumor-infiltrating  lymphocytes  and  leu¬ 
kocytes  [6,  7].  Conversely,  stroma  cells  alter  the 
behavior  of  epithelial  cancer  cells  by  secreting 
extracellular  proteins,  cytokines,  growth  factors, 
proteases,  etc.  Dramatic  changes  in  gene  ex- 
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pression  can  be  measured  in  all  cell  types  dur¬ 
ing  cancer  progression,  including  tumor  epithe¬ 
lial,  stroma  endothelial,  myofibroblasts,  and 
immune  cells.  In  addition,  it  now  appears  that 
genetic  alterations  can  also  arise  in  the  micro¬ 
environment  of  tumors  (reviewed  in  [8]).  Thus, 
reciprocal  interactions  take  place  between  stro¬ 
mal  and  epithelial  cancer  cells  that  promote 
cancer  progression  by  increasing  cell  prolifera¬ 
tion,  causing  the  formation  of  new  blood  vessels 
through  angiogenesis,  remodeling  the  extracel¬ 
lular  matrix,  and  supporting  the  metastatic 
spread  of  the  tumor  cells  [5,  9,  10]. 

Metastasis  is  a  complex  process  in  which  can¬ 
cer  cells  leave  a  primary  organ,  migrate  through 
basement  membranes  and  connective  tissue 
into  lymphatic  or  blood  vessels,  then  extrava- 
sate  into  a  distant  organ  to  establish  a  new  tu¬ 
mor  [11,  12].  Complications  resulting  from  the 
development  of  metastases  are  responsible  for 
90%  of  cancer-related  death  [13].  Designing 
therapeutic  strategies  to  kill  metastatic  cells  or 
to  prevent  their  colonization  of  recipient  tissues 
is,  therefore,  a  major  goal  of  cancer  research. 
Despite  its  clinical  relevance  however,  metasta¬ 
sis  is  still  poorly  understood.  There  are  many 
unanswered  questions  regarding  how  metas¬ 
tatic  cells  leave  the  tumor  and  establish  them¬ 
selves  in  a  new  tissue,  where  they  may  stay  dor¬ 
mant  for  a  long  time  or  immediately  grow  into  a 
new  tumor  [14,  15].  It  is  thought  that  accumu¬ 
lated  genetic  and  epigenetic  changes  in  a  sub¬ 
population  of  tumor  cells  eventually  allow  these 
cells  to  undergo  the  metastatic  voyage.  In  this 
hypothesis,  metastasis  is  a  late  result  of  tumor 
progression.  Another  hypothesis,  supported  by 
evidence  from  epidemiological  studies,  con¬ 
tends  that  pre-malignant  tumor  cells  can  dis¬ 
seminate  early  and  evolve  independently  from 
the  primary  tumor  (discussed  in  [12,  16-18]). 

The  inability  to  directly  observe  dynamic  proc¬ 
esses  in  vivo  has  been  a  major  obstacle  to  the 
study  of  cancer.  At  present  the  most  relevant 
animal  models  of  human  cancer,  such  as  trans¬ 
genic  mouse  models,  do  not  allow  for  the  visu¬ 
alization  of  the  molecular  and  microenviron¬ 
mental  events  that  influence  tumor  formation, 
growth,  vascularization  and  metastasis.  Indeed, 
solid  tumors  are  often  buried  inside  the  body, 
which  precludes  direct  observation,  and  metas¬ 
tatic  lesions  can  be  detected  only  once  they  are 
established  and  after  the  animal  is  sacrificed. 
Histological  studies  (epidemiologic  studies  in 


human,  or  studies  in  animal  models  of  cancer) 
and  measurements  of  tumor  size  or  number  of 
metastatic  foci  have  provided  important  clues, 
but  with  a  static  view.  Thus,  extensive  autopsies 
must  be  performed  to  reconstruct  a  time- 
resolved  model  of  progression.  Revasculariza¬ 
tion,  cell  migration  or  adaptation  to  a  new  envi¬ 
ronment  during  colonization  cannot  be  ob¬ 
served  directly,  and  reconstruction  of  these  pa¬ 
rameters  using  comparative  histology  is  prob¬ 
lematic  because  each  tumor  is  different.  New 
whole-body  imaging  technologies  represent  a 
real  progress  in  cancer  research  as  they  now 
measure  tumor  growth  in  real-time  and  detect 
metastasis  at  relatively  early  stages  [19-22]. 
However,  it  is  still  very  difficult  to  detect  small 
metastases  either  in  patients  or  in  animal  mod¬ 
els,  and  events  that  occur  at  intermediate 
phases  of  cancer  progression  cannot  be  moni¬ 
tored.  Intravital  Microscopy  (IVM)  is  a  powerful 
tool  for  the  real-time  visualization  of  previously 
unobserved  mechanisms,  thereby  providing 
crucial  information  regarding  several  aspects  of 
cancer  progression  and  metastasis.  In  this  re¬ 
view,  we  discuss  the  design  of  animal  models  of 
cancer  that  are  compatible  with  the  use  of  IVM. 

Advantages  of  IVM 

Interest  in  IVM  has  been  renewed  by  the  recent 
availability  of  very  sophisticated  imaging  tech¬ 
nologies  and  the  constant  improvements  in  mo¬ 
lecular  probes  and  analysis  tools. 

The  history  of  IVM  and  new  advances  in  imaging 
techniques  are  thoroughly  reviewed  in  [23], 
whereas  detailed  descriptions  of  imaging  tech¬ 
nologies  including  fluorescent  light  microscopy, 
laser-scanning  confocal  microscopy,  laser¬ 
scanning  multiphoton  microscopy,  are  de¬ 
scribed  in  [24].  Earlier  studies  commonly  used 
in  vivo  dyes  such  as  rhodamine-based  CMTMR 
to  visualize  cancer  cells  or  animal  tissue.  Later 
on,  cells  were  rendered  permanently  fluores¬ 
cent  by  stable  expression  of  GFP-fusion  pro¬ 
teins.  There  are  now  many  more  options  with 
the  availability  of  multiple  fluorescence  colors, 
FRET,  the  possibility  to  distinguish  tissues  in  the 
recipient  animals  using  fluorescent  transgenics 
[25,  26],  and  the  possibility  to  stain  tumor  cells 
cytoplasm  and  nucleus  with  different  colors 
[27]. 

The  main  advantage  of  IVM  is  the  real-time  visu¬ 
alization  of  cellular  events  at  a  very  high  resolu- 
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tion.  IVM  permits  the  direct  observation  of  dy¬ 
namic  cellular  processes  while  they  are  taking 
place  and  the  high  magnification  of  images 
shows  transitional  mechanisms  at  the  cellular 
level,  or  even  at  the  molecular  level.  For  exam¬ 
ple  Tada  et  al.  successfully  tracked  single¬ 
particle  quantum  dots  conjugated  with  HER- 
antibodies  to  analyze  the  molecular  mechanism 
behind  the  transport  of  drug  carriers  in  vivo 
[28].  Time  scales  of  observation  vary  from  sec¬ 
onds  to  several  weeks.  In  a  study  that  strikingly 
illustrates  the  real-time  possibilities  of  dynamic 
IVM,  the  binding  of  fluorophore-conjugated  anti¬ 
body  to  endothelial  cells  could  be  visualized  in 
vivo,  demonstrating  that  caveolae  operate  as 
pumps  and  move  the  antibody  within  seconds 
from  the  blood  across  the  endothelium  into  lung 
tissue  [29].  Events  that  take  place  within  hours 
are  extremely  easy  to  follow,  whereas  observa¬ 
tions  can  be  made  over  days  or  weeks  if  precau¬ 
tions  are  taken  to  “label”  the  area  of  observa¬ 
tion  and  ensure  that  the  same  region  is  being 
observed.  For  example,  in  their  study  in  mouse 
mammary  chambers,  Kedrin  et  al.  “optically 
marked  individual  tumor  cells  expressing  pho- 
toswitchable  proteins”  to  monitor  the  migration 
of  defined  groups  of  cells  over  time  [30]. 

Importantly,  IVM  offers  the  possibility  to  follow 
tumor  growth  in  a  non-invasive,  non-destructive 
manner.  Tumor-related  parameters  can  be 
measured  in  living  animals  and  in  real-time, 
including  tumor  growth  or  regression,  angio¬ 
genesis,  infiltration  by  immune  cells,  tumor  cell 
migration,  all  in  the  context  of  the  host.  Since 
repeated  measurements  of  physiological  pa¬ 
rameters  can  be  made  from  the  same  animal, 
the  technique  considerably  reduces  the  number 
of  animals  needed  to  obtain  a  time-resolved 
picture  of  cancer  progression  compared  to 
methods  that  require  euthanizing  animals  at 
each  time-point. 

Unique  observations  have  been  made  in  several 
areas  of  cancer,  particularly  angiogenesis  and 
cancer  cells  migration.  For  example,  IVM  was 
applied  to  the  study  of  tumor  microcirculation 
and  lymphatic  systems  and  showed  that  the 
tumor  vasculature  in  xenograft  tumors  is  char¬ 
acterized  by  a  variety  of  structural  and  func¬ 
tional  abnormalities  that  impair  blood  flow,  re¬ 
sulting  in  the  appearance  of  zones  of  necrosis 
and/or  hypoxia  (reviewed  in  [31]).  The  high 
resolution  of  IVM  also  allows  the  visualization  of 
microvessels  and  capillaries.  Therefore,  very 


detailed  studies  can  be  performed  about  blood 
vessel  formation,  blood  flow,  leakage,  migration 
of  cancer  cells  through  vessel  walls  during  in- 
travasation  or  extravasation  (migration  of  cells 
from  the  tumor  into  a  blood  vessel,  or  migration 
of  tumor  cells  from  the  blood  vessel  into  the 
tissue,  respectively).  The  reader  will  find  further 
review  of  the  use  of  IVM  applied  to  angiogenesis 
research  in  [32]  and  [33]. 

Another  remarkable  application  of  IVM  is  the 
observation  of  cell  migration  patterns  within 
primary  tumors,  which  is  impossible  to  track  in 
real-time  using  other  approaches  (See  [23,  34] 
for  reviews  of  IVM  works  on  metastasis).  Indeed, 
high  resolution  IVM  allows  one  to  visualize  how 
cancer  cells  migrate  within  a  tumor,  then  break 
away  from  the  tumor  and  intravasate  into  blood 
vessels  [35,  36].  Tracking  cells  inside  tumors 
using  IVM  revealed  heterogeneity  within  a  tu¬ 
mor,  with  differences  in  how  cells  migrate  in 
different  areas  of  the  tumor.  Sahai’s  laboratory 
suggested  that  cancer  cells  chose  between  sev¬ 
eral  migratory  mechanisms  depending  on  the 
microenvironment.  Cancer  cells  undergo  an 
epithelial-to-mesenchymal  transition  and  ac¬ 
quire  fibroblast-like  migratory  properties,  or  they 
use  amoeboid  moves  similar  to  leukocytes  in 
order  to  invade  surrounding  tissue  [37,  38]. 

The  mouse  dorsal  skinfold  chamber  model 

The  application  of  IVM  to  the  study  of  cancer  is 
limited  by  the  availability  of  animal  models  that 
bear  visually  accessible  tumors.  Therefore,  the 
implantation  of  transparent  windows 
(“chambers”)  on  rodents  was  invented  to  en¬ 
able  microscopic  observations  in  cancer  re¬ 
search.  The  dorsal  skinfold  chamber  model  is 
used  extensively  with  hamsters  for  the  study  of 
microcirculation  and  angiogenesis  [39].  Cham¬ 
bers  in  rats  have  also  been  used  to  investigate 
cancer,  but  rat  models  lack  the  versatility  of 
mouse  models.  The  elegant  dorsal  skinfold 
model  was  described  by  Algire  in  1943.  Recent 
reviews  provide  an  excellent  technical  descrip¬ 
tion  of  the  model,  including  apparatus  and  sur¬ 
gical  procedures,  examples  of  applications  and 
model  variations  [24,  40].  Briefly,  platinum 
chambers  with  a  viewing  transparent  window 
are  placed  by  surgery  into  the  dorsal  skin  of 
mice  as  shown  in  Figure  1,  an  adaptation  de¬ 
scribed  in  [41].  Plastic  frames,  described  re¬ 
cently,  are  lighter  than  metal  ones  while  main¬ 
taining  the  characteristics  of  the  windows  [42]. 
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Figure  1.  Cartoon  illustrating  the  dorsal  skinfold 
chamber  in  a  nude  mouse 


An  implanted  tumor,  blood  vessels,  and  host 
tissue  are  observed  directly  through  the  trans¬ 
parent  window.  Thus,  tumor  growth  can  be  visu¬ 
alized  and  quantified  over  time  along  with  the 
development  of  the  vasculature,  at  high  resolu¬ 
tion  and  without  tissue  damage.  This  permits 
“chronic”  studies  in  which  repeated  analysis  are 
made  over  a  prolonged  period.  In  our  laboratory 
for  example,  it  is  now  possible  to  observe  tu¬ 
mors  for  up  to  90  days. 

Fluorescent  tumor-derived  cells  are  implanted 
under  the  glass  of  the  chambers.  Virtually  any 
strain  of  mouse  can  be  used.  Nude  or  SCID  im- 
munodeficient  mice  are  used  to  implant  human 
cells,  whereas  syngeneic  mice  may  be  used  for 
the  implantation  of  mouse  cancer  cells,  such  as 
tumor  cell  lines  derived  from  transgenic  models 
of  cancer.  Alternatively,  small  pieces  of  a  grow¬ 
ing  tumor,  originating  from  xenografts  or  from 
transgenic  mice,  can  be  implanted  either  disso¬ 
ciated  or  as  small  fragments.  This  provides  less 
control  over  cell  composition,  since  tumors  are 
more  heterogeneous  than  cell  lines  (although 
cells  dissociated  from  tumors  can  be  sorted  by 
flow  cytometry).  However,  tumor  tissues  usually 
do  not  stably  express  fluorescent  proteins  and 
vital  dyes  need  to  be  used  instead,  limiting  the 
total  period  of  observation.  Alternatively,  tumor 
tissue  can  be  obtained  from  human  patients. 

A  few  laboratories,  including  ours,  use  tumor 
cells  transfected  with  histone  H2B-GFP  fusion 
protein,  which  was  initially  developed  by  Kanda 
et  al.  for  the  observation  of  chromosome  dy¬ 
namics  in  living  cells  [43].  Histone  H2B-GFP  is 
incorporated  into  the  chromatin  without  affect¬ 
ing  cell  cycle  progression.  Following  implanta¬ 
tion  of  H2B-GFP-transfected  cells  in  mouse 
chambers,  the  development  of  the  resultant 
tumors  is  followed  by  IVM  in  living  animals  and 


as  a  function  of  time.  Tumor  cell  fluorescence 
allows  one  to  measure  angiogenic  activity,  infil¬ 
tration  by  immune  cells,  tumor  cell  migration, 
and  parameters  pertaining  to  tumor  growth  or 
regression  such  as  mitosis,  apoptosis  and  cell 
cycle  arrest  [44-47].  The  number  of  cancer  cells 
in  a  growing  tumor  can  be  determined  accu¬ 
rately  from  the  fluorescence  intensity  by  using  a 
calibration  curve  [47,  48].  H2B-GFP  makes  it 
very  simple  to  visualize  metaphase-telophase 
DNA  and  apoptotic/pyknotic  nuclei  using  high 
magnification  images.  Therefore  the  number  of 
cells  undergoing  mitosis  or  apoptosis  can  be 
calculated.  Finally,  vascular  parameters 
(vascular  area,  vascular  length;  average  tumor 
vessel  diameter  and  vascular  density)  are  ana¬ 
lyzed  and  calculated  from  video  recordings  us¬ 
ing  a  photodensitometric  computer  software 
[49,  50].  Dual  color  analysis  is  achieved  by  im¬ 
planting  red-fluorescent  cells  in  GFP-mice,  or 
green-fluorescent  tumor  cells  into  red  fluores¬ 
cent  mice  [26,  51].  This  strategy  provides  high- 
resolution  images  in  which  the  vasculature,  the 
host  tissue,  and  immune  cells  can  easily  be 
distinguished  from  the  implanted  tumor  cells. 

A  major  drawback  of  the  dorsal  skinfold  cham¬ 
ber  model,  however,  lies  in  its  limited  relevance 
to  tumor  physiology.  This  model  is,  in  fact,  quite 
similar  to  the  traditional  sub-cutaneous  xeno¬ 
graft  model  and  similarly  fails  to  represent  many 
aspects  of  clinical  cancer,  especially  with  regard 
to  metastasis,  drug  sensitivity  and  angiogenesis 
(xenograft  tumors  are  notoriously  poorly  vascu¬ 
larized).  Mouse  cancer  cells  can  be  implanted  in 
syngeneic  animals,  whereas  human  tumors  can 
be  studied  using  nude  or  SCID  mice  [52],  but 
large  numbers  of  human  cells,  usually  between 
106  and  107  cells,  have  to  be  injected  for  the 
tumor  to  survive  and  grow.  While  many  human 
tumor  cells  successfully  form  tumors  in  the 
chamber  model  in  these  conditions,  some  cell 
lines  fail  to  grow  and  undergo  massive  apop¬ 
tosis  [46].  We  have  found  that  the  human  tu¬ 
mors  that  do  grow  in  the  chamber  often  become 
encapsulated,  thereby  excluding  macrophages 
and  other  immune  cells  that  normally  infiltrate 
the  tumor  mass.  Tumor-associated  macro¬ 
phages  (TAMs)  have  a  dual  influence.  On  the 
one  hand,  they  may  facilitate  angiogenesis,  tu¬ 
mor  cell  proliferation,  and  metastasis  during 
tumor  progression.  On  the  other  hand,  TAMs 
also  participate  in  the  immune  anti-tumor  de¬ 
fense  through  cytotoxic  activities  [53].  Figure  2 
(A,  B)  shows  micro-photographs  obtained  after 
implantation  of  HT1080  human  fibrosarcoma 
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Figure  2.  Growth  of  human  tumor 
cells  HT1080  (A,  B)  and  growth  of 
mouse  tumor  cells  (C,  D)  in  the 
dorsal  skinfold  chamber.  Non- 
fluorescent  tumor  cells  were  im¬ 
planted  in  the  dorsal  chambers  of 
nude  mice  that  had  previously 
been  irradiated  and  transplanted 
with  GFP+  bone  marrow.  A  suc- 
cesfully  growing  human  tumor 
becomes  encapsulated  (arrow  in 
panel  A),  effectively  excluding 
bone  marrow-derived  cells  from 
the  tumor,  and  is  poorly  vascular¬ 
ized.  Mouse  tumors  do  not  be¬ 
come  encapsulated,  but  vascular¬ 
ize  (V=blood  vessel  in  panel  C). 
Note  the  denser  bone  marrow- 
derived  microenvironment  (green 
cells)  in  mouse  tumors  (panel  D) 
compared  to  human  tumors 
(panel  B).  Yellow  bar  =  25  pm  in 
panels  B  and  D;  100  pm  in  panels 
A  and  C.  Reproduced  with  permis¬ 
sion  from  Frost  et  al.,  In  Vivo 
(2003)  17(5):377-88. 


cells,  which  became  encapsulated.  We  were 
able  to  demonstrate  that  human  tumors  that 
failed  to  encapsulate  were  massively  infiltrated 
by  macrophages,  and  that  these  tumors  were,  in 
fact,  eliminated  by  the  mouse  inate  immune 
system  [46].  In  contrast,  syngeneic  tumors 
formed  from  mouse  LLC  cells  (Lewis  Lung  Carci¬ 
noma)  were  not  encapsulated  and  bone  marrow 
cells,  including  macrophages,  were  recruited  as 
shown  in  Figure  2C,  D.  Thus,  the  inability  to  ef¬ 
fectively  exclude  the  innate  immune  system  by 
encapsulation  was  a  main  impediments  to  the 
survival  of  small  human  micro-tumors  in  the 
dorsal  skinfold  chamber  in  nude  mice. 

Stroma  in  the  chamber  model:  the  syngeneic 
pseudo-orthotopic  dorsal  chamber  model 

There  is  now  a  large  body  of  literature  indicating 
that  the  tumor  microenvironment  is  crucial  for 
the  progression  of  almost  every  type  of  cancer 
and  that  orthotopic  implantation  of  cancer  cells 


recapitulate  human  disease  much  more  closely 
than  subcutaneous  implantation  [54].  Tumors 
grow  faster  and  develop  better  vasculature 
when  the  cancer  cells  are  implanted  into  the 
relevant  organ.  In  addition,  many  tumors  do  not 
form  metastases  unless  they  are  implanted  or- 
thotopically.  Orthotopic  implantation  also  en¬ 
hances  the  tumorigenicity  with  respect  to  tumor 
growth  and  penetrance.  This  explains,  in  part, 
why  the  various  types  of  cancer  that  have  been 
modeled  in  transgenic  mice  mimic  human  can¬ 
cer  much  more  faithfully  than  xenograft  models. 
However,  many  solid  epithelial  tumors  that  de¬ 
velop  in  transgenic  animals  or  following  or¬ 
thotopic  implantation  are  difficult  to  observe 
because  they  arise  deep  in  the  body. 

The  very  distinctive  benefit  of  the  chamber 
model  is  to  make  possible  the  visualization  of 
tumors  that  are  normally  buried  and  inaccessi¬ 
ble,  such  as  pancreatic,  prostate  or  lung  tu¬ 
mors.  Still,  the  dorsal  skinfold  represents  a  non- 
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orthotopic  environment  for  most  tumors  except 
melanomas.  In  an  insightful  study,  Shan  et  al. 
describe  a  method  in  which  a  microscope  win¬ 
dow  was  placed  over  the  mammary  gland  of 
female  rats  to  examine  angiogenesis  and  the 
proliferation  of  breast  cancer  cells  in  an  or¬ 
thotopic  environment  [55].  Through  the  use  of 
fluorescent  tags  and  “photoswitching"  in  mouse 
mammary  windows,  Kedrin  et  al.  stained  tumor 
cells  differently  in  various  tumor  areas  to  dem¬ 
onstrate  that  the  microenvironment  around  tu¬ 
mor  blood  vessels  was  more  supportive  of  me¬ 
tastatic  behaviors  than  areas  away  from  blood 
vessels  [30].  Thus,  mammary  windows  will  allow 
one  to  directly  observe  cancer  cell  growth  and 
division,  migration,  invasion  and  intravasation 
within  mammary  gland  microenvironments. 
While  this  approach  does,  indeed,  elegantly 
solve  the  problem  of  monitoring  tumor  develop¬ 
ment  in  the  orthotopic  environment  for  mam¬ 
mary  tumors,  it  does  not  apply  to  other  tumors 
of  interest  such  as  prostate  or  lung  cancer. 

To  resolve  this  issue,  a  novel  “pseudo¬ 
orthotopic"  model  has  been  developed  in  our 
laboratory.  This  method  emerged  from  early 
experiments  showing  that  various  syngeneic 
tissues  grafted  in  rodent  dorsal  chambers  could 
re-vascularize  and  survive  over  long  periods  of 
time  [56].  Successfully  grafted  tissues  include 
spleen,  myocardium,  spongious  bone  [56]  and 
adipose  tissue  [57].  Endometrial  tissue  was 
also  successfully  implanted  in  dorsal  chambers 
to  study  angiogenesis  and  test  the  efficacy  of 
drugs  against  endometriosis  [58,  59].  In  our 
“pseudo-orthotopic"  model,  small  pieces  of  or¬ 
thotopic  tissue  from  donor  mice  were  co¬ 
implanted  with  the  tumor  cells  into  the  dorsal 
skinfold  chamber  of  syngeneic  C57BL/6  mice  to 
mimic  the  microenvironment  of  the  tumor.  We 
observed  that  various  types  of  tissue  implanted 
in  the  chambers  survived  and  revascularized, 
and  that  tumor-derived  cell  lines  thrived  upon 
co-implantation  with  their  respective  stroma. 
For  example,  we  compared  the  growth  charac¬ 
teristics  of  mouse  prostate  cancer  cells  im¬ 
planted  in  dorsal  chambers  with  or  without  pros¬ 
tate  tissue.  The  proliferation  of  tumor  cells  was 
5  times  higher  when  prostate  tissue  was  pre¬ 
sent.  The  vascular  area,  average  vessel  diame¬ 
ter,  and  vascular  density  were  also  consistently 
higher,  whereas  tumors  implanted  without  pros¬ 
tate  tissue  were  poorly  angiogenic  [47].  Thus, 
co-implanting  mouse  prostate  cancer  cells  with 
prostate  stroma  provides  the  tumor  cells  with 


an  environment  that  better  reflects  the  clinical 
disease  compared  to  purely  subcutaneous  mod¬ 
els.  Importantly,  re-vascularized  stromal  tissue 
remains  viable  for  long  periods  of  time  (up  to  2- 
3  months  in  our  laboratory). 

Using  this  model  we  demonstrated  that  andro¬ 
gen  ablation  through  surgical  castration  induces 
a  profound  regression  of  the  vasculature  sur¬ 
rounding  prostate  tumors  [47,  60].  Androgen 
ablation  is  the  standard  therapeutic  approach 
to  prostate  cancer  that  progresses  after  surgery 
and/or  radiation  therapy.  Although  control  of 
the  disease  is  always  achieved  at  first,  almost 
all  patients  then  progress  to  androgen- 
independent  disease.  It  is  generally  believed 
that  the  initial  population  of  androgen- 
dependent  cells  undergoes  rapid  apoptosis 
upon  hormone  withdrawal.  However,  our  data 
indicate  that  castration  decreases  cell  prolifera¬ 
tion  rather  than  induce  apoptosis,  and  also  has 
anti-angiogenic  effects. 

The  source  of  the  vasculature  surrounding  the 
tumor  was  determined  by  implanting  minced 
prostate  tissue  derived  from  GFP  transgenic 
mice  into  mouse  dorsal  chambers.  Thus,  the 
implanted  green-fluorescent  stromal  cells  can 
be  distinguished  from  host  tissues.  We  ob¬ 
served  that  the  GFP-positive  endothelium  in  the 
prostate  stroma  revascularized  with  GFP- 
positive  vessels  rather  than  with  host  vascula¬ 
ture.  Thereafter  the  GFP-positive  endothelial 
cells  reattached  to  the  pre-existing  vasculature 
underneath  the  tumor  spheroid  and  flowing  red 
blood  cells  could  be  seen  [47].  In  another  set  of 
experiments,  breast  cancer  cells  stably  trans¬ 
fected  with  H2B-mCherry  (red)  were  co¬ 
implanted  with  mammary  fat  pad  tissue  from  a 
lactating  GFP+  mouse  and  allowed  to  grow  for  2 
weeks.  Intense  GFP  fluorescence  was  detected 
in  the  vasculature  of  the  growing  tumor,  indicat¬ 
ing  that  the  engrafted  tissue  provided  the  blood 
vessels  to  the  tumor  (unpublished).  Thus,  tumor 
-associated  vascularization  occurs  through  re¬ 
cruitment  of  vessels  from  the  co-implanted  stro¬ 
mal  tissue. 

A  variety  of  tissues  were  successfully  implanted 
including  lymph  node,  prostate,  liver,  lung,  bone 
marrow,  and  mammary  fat  pad.  In  addition,  sev¬ 
eral  cancer  cell  lines  have  been  successfully 
grown  in  the  corresponding  tissue  such  as  pros¬ 
tate  TRAMP-C2  [47,  60],  breast  N202  [61,  62], 
ovarian  MOVCAR,  and  renal  carcinoma  RenCa, 
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Figure  3.  H2B-GFP-positive  PTEN-P2  and  PTEN-CaP2  cell  sheroids  were  co-implanted  with  prostate  tissue  into  mouse 
dorsal  chambers.  Tumors  were  imaged  at  the  indicated  times  using  IVM.  One  can  see  the  increase  in  tumor  size  and 
in  tissue  vascularization.  Yellow  bar  =  1mm  in  the  tumor  panels  1  and  3;  100  mm  in  panels  2  and  4. 


most  of  them  generated  from  relevant  trans¬ 
genic  models.  To  improve  our  prostate  cancer 
model,  we  now  use  PTEN-P2  and  PTEN-CaP2 
mouse  carcinoma  cell  lines.  These  cells,  gener¬ 
ated  in  Dr.  H.  Wu’s  laboratory,  were  derived 
from  PTEN+/-and  PTEN/transgenic  mice,  respec¬ 
tively,  [63].  The  prostate-specific  PTEN-deficient 
mouse  model  is  considered  one  the  most  rele¬ 
vant  to  human  prostate  cancer.  H2B-GFP  was 
transfected  into  these  cells  and  green- 
fluorescent  PTEN-P2  and  PTEN-CaP2  cell  sphe¬ 
roids  were  implanted  on  top  of  prostate  tissue 
from  donor  mice  in  the  dorsal  chamber  of  recipi¬ 
ent  mice.  Figure  3  shows  pictures  of  the  PTEN- 
P2  and  PTEN-CaP2  micro-tumors  growing  as  a 
function  of  time.  Tumor  growth  was  reflected  by 
an  increase  in  overall  size  as  well  as  an  in¬ 
crease  in  the  brightness  of  the  tumor  area  due 
to  a  higher  density  of  fluorescent  cells  within 
the  tumor.  These  tumors  were  highly  angio¬ 
genic.  Importantly,  the  growth  characteristics 
and  hormone-dependency  of  hormone-sensitive 
prostate  tumors  (P2  cells)  and  hormone- 
insensitive  (CaP2  cells)  in  the  pseudo-orthotopic 
chamber  model  corresponded  to  previously  pub¬ 


lished  data  [63].  These  tumor  cells  will  be  co¬ 
implanted  with  prostate  tissue  from  a  tomato 
mouse  [64]  for  dual-color  imaging  studies. 

Study  of  metastasis  in  the  chamber  model 

After  cancer  cells  break  away  from  the  primary 
tumor,  enter  lymphatic  and  blood  vessels  and 
circulate  through  the  bloodstream,  they  extrava- 
sate  and  colonize  the  microenvironment  of  the 
distant  organ  in  which  they  grow  into  a  new  tu¬ 
mor  [11,  12,  14,  15].  Colonization  of  distant 
organs  is  a  rate-limiting  step  to  the  formation  of 
metastatic  tumors  [65].  This  process  depends 
greatly  on  the  new  microenvironment  and  on 
the  dynamic  and  reciprocal  interactions  that 
take  place  between  the  tumor  cells  and  the 
stromal  cells  of  the  metastatic  organ  [5,  9,  66]. 
Unfortunately,  what  happens  during  the  early 
stages  of  development  of  a  metastatic  tumor  is 
still  unknown.  The  interactions  between  dis¬ 
seminated  cancer  cells  and  their  microenviron¬ 
ment  during  metastasis  have  been  mostly 
based  on  correlation  and  logically  inferred  since 
most  animal  models  of  cancer  provide  only  end- 
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point  outcomes.  Transgenic  mouse  models  or 
methods  such  as  tail  vein  injection  of  metas¬ 
tatic  cells  (a  model  for  lung  metastasis)  do  not 
permit  the  detection  of  micrometastases  or  the 
measurement  of  tumor  growth  in  real  time,  and 
the  metastatic  lesions  can  be  analyzed  only 
after  the  mice  are  sacrificed.  Indeed,  it  is  impos¬ 
sible  to  predict  where  metastasis  will  arise  and 
metastatic  tumors  are  detected  only  after  they 
are  well-established,  precluding  the  study  of  the 
early  steps  of  the  process.  Consequently  it  is 
impossible,  for  example,  to  tell  whether  a  small 
tumor  in  the  bone  at  the  time  of  necropsy  is 
new  and  aggressive  or  old  and  relatively  slow- 
growing.  Data  must  be  inferred  indirectly  and  on 
a  statistical  basis.  Certain  inferences  are  im¬ 
practical  to  achieve  because  the  mouse  has  to 
be  sacrificed  for  each  observation,  and  there¬ 
fore  can  only  be  done  on  an  average  basis.  IVM 
has  the  potential  to  solve  this  problem  almost 
completely  by  continuous  monitoring  of  individ¬ 
ual  tumors,  thereby  eliminating  uncertainties  in 
interpolation. 

Ex-vivo  metastasis  assays  use  fluorescent  me¬ 
tastatic  cancer  cells  orthotopically  implanted  in 
the  relevant  organ,  which  then  lodge  into  secon¬ 
dary  organs.  Cells  can  also  be  injected  into  the 
tail-vein  of  mice  to  lodge  in  the  lungs.  Animals 
are  usually  sacrificed  and  the  organs  resected 
for  IVM  measurements  as  in  [67].  Other  labora¬ 
tories  use  tissue  perfusion  and  direct  injection 
of  tumor  cells  into  the  perfusion  system  to  ex¬ 
tend  the  time  of  observation  [68].  Using  a  simi¬ 
lar  model,  Gassman  et  al.  demonstrated  that 
CXCL12,  expressed  in  the  endothelial  cells  of 
the  liver  blood  vessels,  interacted  with  CXCR4 
expressed  in  the  tumor  cells,  and  promoted 
tumor  cell  adhesion  to  the  liver  blood  vessels 
and  extravasation  into  the  liver  [69].  A  study  in 
which  the  lungs  were  perfused  and  sections  of 
tissue  placed  on  agarose-based  medium  for  up 
to  21  days,  allowing  the  monitoring  of  metas¬ 
tatic  tumor  growth,  showed  that  the  survival  of 
cells  arriving  in  lung  was  the  limiting  step  of 
metastatic  efficiency  [70].  In  these  models,  the 
tissue  architecture  is  maintained,  with  stromal 
cells  and  relevant  ECM  components.  However, 
some  aspects  of  metastatic  tumor  growth  are 
lacking  such  as  vascularization  or  infiltration 
with  immune  cells. 

This  problem  is  solved,  for  brain  metastasis,  by 
the  use  of  cranial  windows  that  were  designed 
to  provide  visual  access  and  to  examine  the 


microcirculation  in  the  brain  environment  follow¬ 
ing  implantation  of  glioma  cells  or  breast  cancer 
cells,  thus  mimicking  a  relevant  environment  for 
brain  tumors  or  breast  cancer  metastases  to 
the  brain  [40,  71].  For  example,  Monsky  et  al. 
used  the  cranial  window  to  compare  physiologi¬ 
cal  parameters  including  vascularization  of 
breast  cancer  cells  implanted  in  mammary  win¬ 
dows  (orthotopic  environment)  or  in  cranial  win¬ 
dows  (brain  metastasis  environment),  showing 
among  other  things  that  the  expression  of  pro- 
angiogenic  growth  factors  in  a  tumor  depends 
on  its  microenvironment  [72]. 

The  pseudo-orthotopic  model  partially  remedies 
the  limitation  of  organ  accessibility.  In  theory, 
tumors  can  be  grown  on  any  grafted  tissue,  to 
the  extent  that  the  pseudo-orthotopic  tissue 
retains  the  properties  of  the  native  tissue,  and 
analysis  of  several  steps  of  metastatic  tumor 
growth  and  adaptation  can  be  followed  by  IVM. 
Thus,  we  have  compared  the  adaptation  and 
the  growth  of  breast  cancer  cells  H2B-GFP/ 
N202  in  several  pseudo-organs  relevant  to 
breast  cancer  metastasis.  To  generate  a  pseudo 
-orthotopic  metastasis  model,  minced  mam¬ 
mary  fat  pad,  liver,  lung  and  skin  obtained  from 
lactating  female  mice  were  implanted  into  dor¬ 
sal  skinfold  chambers  of  nude  mice.  H2B-GFP/ 
N202  cells  were  then  implanted  on  these  tis¬ 
sues.  The  importance  of  the  microenvironment 
for  the  growth  of  N202  tumors  was  apparent, 
since  tumors  grew  poorly  when  co-implanted 
with  tissues  other  than  mammary  fat  pad 
(manuscript  in  preparation).  This  model  thus 
allows  one  to  study  many  biological  parameters 
underlying  the  real-time  adaptation  of  tumor 
cells  to  a  new  environment,  particularly  in  the 
context  of  a  new  host  tissue  relevant  to  metas¬ 
tasis. 

Testing  therapeutics  in  the  chamber  model 

Because  vascular  events  can  be  accurately 
quantified,  IVM  in  the  dorsal  chamber  model  is 
ideally  suited  to  evaluate  the  efficacy  of  poten¬ 
tial  anti-angiogenic  drugs.  Treatment  of  vascu¬ 
larized  tumors  implanted  into  dorsal  skinfold  or 
cranial  chambers  with  neutralizing  antibodies 
against  growth  factor  VEGF  induced  vascular 
regression  [44,  45,  73,  74].  It  was  later  shown 
that  inhibition  of  the  VEGF  receptor  (Flk-1)  re¬ 
duced  angiogenesis  in  the  peritumoral  areas 
but  not  in  the  intratumoral  area  [75].  High  an¬ 
giogenic  activity  is  required  for  glioma  invasion 
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of  adjacent  tissue,  suggesting  that  targeting 
angiogenesis  in  glioma  may  reduce  metastasis. 
Indeed,  inhibition  of  Flk-1  reduced  invasion  as 
well  as  angiogenesis  [76].  In  an  attempt  to  spe¬ 
cifically  target  the  tumor  vasculature,  a  throm- 
bogene  was  linked  to  the  heparin-binding  do¬ 
main  of  VEGF.  The  drug  localized  to  tumor  blood 
vessels  in  vivo,  and  had  potent  anti-angiogenic 
activity  [77].  Another  work  showed  that  the 
Notch  signaling  pathway  is  involved  in  angio¬ 
genesis  because  neutralizing  one  of  the  Notch 
ligands  blocked  angiogenesis  and  pancreatic 
tumor  growth  [78].  Finally,  this  model  is  widely 
used  to  demonstrate  the  vascular  effects  of  new 
anti-angiogenic  inhibitors  [62,  79-86].  In  addi¬ 
tion  to  monitoring  the  vasculature  in  real-time, 
IVM  discriminates  between  the  direct  effects  of 
a  drug  on  tumor  cells  and  its  effects  on  the  vas¬ 
culature  and  thus  provides  a  clear  picture  of  its 
mechanism  of  action  [87-91]. 

Since  orthotopic  models  are  much  better  suited 
to  predict  the  effectiveness  of  chemotherapy 
than  are  sub-cutaneous  models  [54],  we  argue 
that  pseudo-orthotopic  chamber  models  are 
very  relevant  to  drug  therapy  testing  [61,  62].  As 
an  example,  the  effect  of  COX-2  inhibitor  Cele- 
coxib  (Celebrex)  was  investigated  in  the  pseudo¬ 
orthotopic  dorsal  chamber  model  for  prostate 
cancer  using  F12B-GFP/TRAMP  prostate  cancer 
cells  (derived  from  the  tumors  of  a  TRAMP 
mouse  [92]).  Celecoxib  was  administered  orally, 
alone  or  in  combination  with  castration-induced 
androgen-withdrawal.  In  vitro  and  in  vivo  experi¬ 
ments  indicated  that  Celecoxib  alone  had  a  di¬ 
rect  cytostatic  effect  on  tumor  cells  in  which  it 
induced  mitotic  arrest  followed  by  cell  death. 
The  drug  had  but  little  effect  on  vascular  pa¬ 
rameters  in  vivo,  whereas  castration  alone 
caused  vascular  shrinking,  as  previously  ob¬ 
served  [47].  Profound  tumor  regression  was 
observed  with  the  combination  of  Celecoxib  and 
androgen-withdrawal,  causing  a  synergistic  ef¬ 
fect  due  to  decreased  vascularization  upon  an¬ 
drogen  withdrawal  on  the  one  hand,  and  growth 
arrest  of  tumor  cells  due  mostly  to  Celecoxib  on 
the  other  hand.  Interestingly,  the  efficacy  of  the 
combination  was  much  better  in  vivo  than  in 
vitro,  because  of  the  separate  effects  of  each 
treatment  on  distinct  biological  compartments 
that  are  not  represented  in  cultured  cell  lines. 

To  conclude,  the  pseudo-orthotopic  dorsal 
chamber  system  is  a  promising  model  to  evalu¬ 
ate  novel  therapies  for  the  treatment  of  cancer 


without  animal  necropsy,  and  to  determine  vas¬ 
cular  parameters  as  well  as  cytostatic  or  cyto¬ 
toxic  effects.  The  strengths  of  this  system  lie  in 
the  relative  speed  and  mechanistic  detail  by 
which  therapies  can  be  evaluated.  In  addition, 
this  model  recapitulates  the  native  three- 
dimensional  architecture  and  microenvironment 
(cells  and  ECM)  of  the  tumor,  with  the  advan¬ 
tages  of  an  observation  window.  It  extends  the 
possibilities  of  the  cranial  and  mammary  win¬ 
dows  by  allowing  other  types  of  cancer  to  be 
studied. 

Future  directions 

Stromal  cells  in  cancer  tissue  display  different 
gene  expression  patterns  than  stromal  cells  in 
normal  tissue,  a  result  of  the  bi-directional  inter¬ 
actions  that  take  place  between  stroma  and 
tumor  [93,  94].  So  far,  very  few  transgenic  ani¬ 
mals  have  been  generated  that  display  tissue- 
specific  alterations  of  cancer  microenviron¬ 
ments.  Such  models  would  be  extremely  useful 
in  exploring  novel  therapeutic  strategies.  The 
pseudo-orthotopic  model,  in  addition  to  MIW 
and  cranial  chambers,  will  be  used  to  study  the 
stroma  at  early  stages  of  metastatic  tumor  de¬ 
velopment  and  to  examine  the  effects  of  thera¬ 
peutic  treatments  targeting  the  tumor  microen¬ 
vironment  that  could  have  synergistic  effects 
when  combined  with  current  therapies  that  tar¬ 
get  the  tumor  cells.  As  tumor  growth  parameters 
are  tracked  in  real  time,  tumors  can  be  har¬ 
vested  when  they  undergo  major  adaptive  tran¬ 
sitions.  Thus,  it  becomes  possible  to  study 
changes  in  gene  expression,  signaling  path¬ 
ways,  etc. 

Finally,  the  use  of  donor  animals  with  defined 
genetic  modifications  (such  as  knock-out  and 
transgenic  mice)  as  source  of  grafted  organ  will 
open  new  avenues  of  investigation  since  it  will 
be  possible  to  examine  the  role  of  defined  sig¬ 
naling  pathways  in  the  survival  and  growth  of 
metastatic  tumors. 

Conclusion 

New  probes  and  whole-body  imaging  technolo¬ 
gies  are  a  major  step  for  real-time  measure¬ 
ments  of  tumor  growth  and  for  the  detection  of 
metastases,  but  still  do  not  accurately  visualize 
early  events  because  they  do  not  provide  a  way 
to  access  information  (or,  in  case  of  early  me¬ 
tastasis,  a  way  of  even  knowing  where  the  infor¬ 
mation  is).  IVM  goes  beyond  whole-body  imag- 
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ing  to  measure  single-cell  mechanisms  and 
early  events  with  very  high  resolution.  Thus,  it 
has  provided  us  with  new,  unexpected  informa¬ 
tion  regarding  the  mechanisms  of  angiogenesis, 
lymphogenesis,  cell  motility  and  invasion  proc¬ 
esses  relevant  to  early  steps  of  dissemination. 
Animal  models  in  which  IVM  can  be  used  are 
evolving  too,  allowing  a  more  accurate  repre¬ 
sentation  of  human  cancer.  Chamber  models, 
through  the  design  of  observations  windows  at 
various  peripheral  locations,  have  become  rele¬ 
vant  to  the  study  of  stroma-tumor  interactions 
and  of  later  steps  of  metastasis  such  as  coloni¬ 
zation  of  target  organs,  which,  until  recently, 
were  not  amenable  to  direct  observation. 
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BACKGROUND.  Hormonal  ablation  is  the  standard  of  treatment  for  advanced  androgen- 
dependent  prostate  cancer.  Although  tumor  regression  is  usually  achieved  at  first,  the  cancer 
inevitably  evolves  toward  androgen-independence,  in  part  because  of  the  development  of 
mechanisms  of  resistance  and  in  part  because  at  the  tissue  level  androgen  withdrawal  is  not 
fully  attained.  Current  research  efforts  are  focused  on  new  therapeutic  strategies  that  will 
increase  the  effectiveness  of  androgen  withdrawal  and  delay  recurrence.  We  used  a  syngeneic 
pseudo-orthotropic  mouse  model  of  prostate  cancer  to  test  the  efficacy  of  combining  androgen 
withdrawal  with  FDA-approved  COX-2  inhibitor  celecoxib. 

METHODS.  GFP-tagged  TRAMP-C2  cells  were  co-implanted  with  prostate  tissue  in  the  dorsal 
chamber  model  and  tumors  were  allowed  to  establish  and  vascularize.  Tumor  growth  and 
angiogenesis  were  monitored  in  real-time  using  fluorescent  intravital  microscopy  (IVM). 
Androgen  withdrawal  in  mice  was  achieved  using  surgical  castration  or  chemical  hormonal 
ablation,  alone  or  in  combination  with  celecoxib  (15  mg /kg,  twice  daily). 

RESULTS.  Celecoxib  alone  decreased  the  growth  of  prostate  tumors  mostly  by  inducing 
mitotic  failure,  which  resulted  in  increased  apoptosis.  Surprisingly,  celecoxib  did  not  possess 
significant  angiostatic  activity.  Surgical  or  chemical  castration  prevented  the  growth  of  prostate 
tumors  and  this,  on  the  other  hand,  was  associated  with  disruption  of  the  tumor  vasculature. 
Finally,  androgen  withdrawal  combined  with  celecoxib  caused  tumor  regression  through 
decreased  angiogenesis  and  increased  mitosis  arrest  and  apoptosis. 

CONCLUSION.  Celecoxib,  a  relatively  safe  COX-2-selective  anti-inflammatory  drug,  signifi¬ 
cantly  increases  the  efficacy  of  androgen  withdrawal  in  vivo  and  warrants  further  investigation 
as  a  complement  therapy  for  advanced  prostate  cancer.  Prostate  71:  813-823, 2011. 
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INTRODUCTION 

Current  therapeutic  interventions  for  advanced 
prostate  cancer  are  not  curative.  Although  androgen 
ablation  does  initially  deliver  a  response,  the  return 
of  hormone-refractory  tumors  invariably  prevents 
long-term  patient  survival.  More  effective  strategies 
are  needed  to  extend  life  expectancy  and  improve 
the  quality  of  life  for  patients  with  advanced  prostate 
cancer.  New  strategies  may  involve  the  combination 
of  known  effective  treatments  such  as  androgen 
withdrawal  with  drugs  that  have  relatively  minor  side 
effects. 
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Cyclooxygenase  (COX),  the  key  regulatory  enzyme 
for  prostaglandin  synthesis,  is  transcribed  from  two 
distinct  genes.  COX-1  is  expressed  constitutively  in 
most  tissues,  while  COX-2  expression  is  normally  low 
and  induced  by  a  wide  variety  of  stimuli  (it  was  initially 
identified  as  an  immediate-early  growth  response 
gene).  Cyclooxygenases  catalyze  the  formation  of 
prostaglandins  (PGs),  which  are  involved  in  tumor 
initiation  and/ or  progression.  For  example,  COX-1  and 
COX-2  promote  inflammation,  which  may  directly 
contribute  to  the  development  of  prostate  cancer  [1].  In 
addition,  COX-2-induced  PGE2  activates  cell  signaling 
involved  in  proliferation  and  thereby  directly  promotes 
tumor  cell  growth.  COX-2  is  overexpressed  in  prostate 
cancer  and  its  level  of  expression  correlates  with 
Gleason  score  and  cancer  progression  [2]. 

Nonsteroidal  anti-inflammatory  drugs  (NSAIDs) 
that  inhibit  both  COX-1  and  COX-2,  as  well  as  COX-2 
selective  inhibitors,  are  currently  being  evaluated 
clinically  for  the  prevention  of  major  types  of  cancer 
because  of  their  positive  effects  in  epidemiological  and 
animal  studies.  Indeed,  a  recent  meta-analysis  of 
epidemiological  studies  concluded  that  NSAIDs — 
whether  or  not  they  are  selective  for  COX-2 — have  a 
chemopreventive  effect  against  cancer  of  the  colon, 
breast,  lung,  and  prostate  [3].  In  addition,  COX-2 
promotes  angiogenesis  and  therefore  COX-2  inhibitors 
may  impair  tumor  growth  by  blocking  angiogenesis 
[4].  Whereas  genetic  ablation  of  COX-2  decreases  tumor 
formation  in  mouse  models,  its  overexpression  favors 
transformation  and  cancer  progression  (reviewed  in 
Ref.  [2]).  COX-2  is  overexpressed  in  a  number  of 
malignancies  and  is  associated  with  increased  produc¬ 
tion  of  PGE2,  which  plays  a  role  in  the  initiation  and 
progression  of  tumors  [2].  It  is  now  well  accepted  that 
COX-2  contributes  to  prostate  cancer  and  the  evidence 
that  COX-2  inhibitor  celecoxib  may  be  beneficial  to 
prostate  cancer  patients  is  mounting  [5,6]. 

In  animal  models,  celecoxib  (alone  or  in  combination 
with  another  drug)  decreased  the  growth  of  androgen- 
independent  PC3  xenograft  [7]  and  suppressed  the  re¬ 
growth  of  LNCaP  xenografts  following  androgen 
withdrawal  [8].  In  addition,  several  clinical  studies 
have  started  to  evaluate  the  effect  of  celecoxib  in 
various  therapeutic  settings.  These  trials  show  that 
celecoxib  is  safe,  with  a  low  cytotoxicity  profile.  Two 
studies  have  described  neoadjuvant  celecoxib  prior  to 
prostatectomy  in  men  with  clinically  localized  prostate 
cancer,  showing  measurable  amounts  of  celecoxib  in 
tumors  [9]  and  measurable  biological  effects  in  prostate 
cancer  tissue  [10]  but  lacking  clear  clinical  benefit. 
Other  studies  have  examined  the  effect  of  celecoxib 
in  combination  with  chemotherapy  for  the  treatment 
of  advanced,  hormone-independent  prostate  cancer, 
without  much  success  [11,12].  A  larger  trial  is  under¬ 


way  [13],  which  will  provide  further  information 
regarding  the  potential  efficacy  of  celecoxib  for 
advanced  prostate  cancer.  Finally,  the  efficiency  of 
celecoxib  was  assessed  in  patients  with  recurrent 
prostate  cancer  following  radiation  therapy  or  radical 
prostatectomy.  A  decline  or  stabilization  of  PSA  levels 
was  observed  in  both  trials,  indicative  of  biological 
activity  and  suggesting  that  the  drug  may  delay 
the  growth  of  recurrent  tumors  and  extend  time 
before  hormone-deprivation  therapy  [14,15].  Of 
note,  there  has  been  no  clinical  trial  so  far  to  assess 
whether  celecoxib  may  delay  the  progression  of 
prostate  cancer  toward  androgen-independence  in 
patients  undergoing  hormone-deprivation  therapy. 
Thus,  more  studies  are  warranted  to  discover  the 
best  use  for  COX-2  inhibitors  and  examine  the  efficacy 
of  various  strategies. 

We  have  previously  described  a  syngeneic  pseudo¬ 
orthotropic  model  to  study  prostate  cancer  progression 
in  vivo  [16].  This  model  is  based  on  the  dorsal  skinfold 
chamber  technique,  in  which  a  transparent  chamber  for 
microscopy  is  positioned  in  the  dorsal  skinfold  of  a 
mouse.  Mouse  cells  derived  from  the  prostate  tumor  of 
a  TRAMP  mouse,  known  as  TRAMP-C2  cells  [17],  were 
implanted  into  mouse  dorsal  chambers.  A  H2B-GFP 
fusion  protein  was  stably  introduced  into  the  TRAMP- 
C2  cells  by  retroviral  transduction.  As  shown  by  Kanda 
et  al.,  [18]  the  H2B-GFP  fusion  protein  is  incorporated 
into  chromatin  without  affecting  cell  cycle  progression. 
Because  the  cells  are  stably  transfected  with  fluorescent 
H2B-GFP,  tumors  can  be  visualized  and  imaged 
in  real  time  using  intravital  fluorescence  video¬ 
microscopy  (IVM).  IVM  allows  measuring  tumor 
growth,  vascular  parameters  and  intratumoral  mitotic 
and  apoptotic  indices.  To  create  a  pseudo-orthotropic 
microenvironment,  prostate  tissue  from  a  donor  mouse 
was  co-implanted  with  TRAMP-C2-GFP  in  the  cham¬ 
bers.  We  have  shown  previously  that  after  1-2  weeks 
post-implantation  the  prostate  tissue  grafted  into 
the  chamber  was  able  to  connect  its  vasculature  to  the 
skin  vasculature  of  the  recipient  mouse,  which  in  turn 
supported  angiogenesis  within  the  growing  tumor  [16]. 

The  present  study  investigated  the  effect  of 
celecoxib  alone  or  in  combination  with  surgical  and 
chemical  castration  on  the  growth  of  TRAMP-C2-GFP 
tumors. 

METHODS 

Antibodies  and  Reagents 

Cell  culture  media,  culture-grade  PBS,  L-glutamine, 
Trypsin-EDTA,  penicillin /streptomycin,  and  fetal 
bovine  serum  (FBS)  were  from  Mediatech  (Herndon, 
VA).  G418  and  Insulin -Selenium -Transferrin  supple¬ 
ment  (#41400-Gibco)  was  from  Invitrogen  (Carlsbad, 
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CA).  Celecoxib  was  from  Toronto  Research  Chemicals 
(Ontario,  Canada). 

Antibodies  against  phospho-ERKl /2,  PARP,  and 
phospho-histone  H3  (SerlO;  Ab  6G3)  were  from  Cell 
Signaling  Technology  (Danvers,  MA).  Antibodies  to 
(3-actin  (AC-15)  were  from  Sigma-Aldrich  (St.  Louis, 
MO).  Monoclonal  anti-p27Kipl  antibodies  were  from 
BD  Pharmingen  (San  Jose,  CA).  Alexa  Fluor-488  goat 
anti-mouse  antibodies  were  from  Invitrogen. 

Cell  Culture 

H2B-GFP  /  TR AMP-C2  (TRAMP-C2-GFP)  cells  that 
stably  express  histone  H2B-GFP  fusion  protein  [18] 
were  generated  as  described  [19].  TRAMP-C2-GFP 
cells  were  grown  in  RPMI  containing  10%  FBS,  2mM 
L-glutamine,  lOOU/ml  penicillin/ 1 00  pg/ml  strepto¬ 
mycin,  insulin-selenium-transferrin  (10pg/ml  insu- 
lin),  and  DHT  10  8M  final.  G418  (100|ig/ml)  was 
added  to  maintain  stable  expression  of  H2B-GFP. 
Androgen  withdrawal  was  achieved  by  keeping  the 
cells  in  phenol  red-free  RPMI  medium  containing  10% 
charcoal-treated  FBS  and  the  same  supplements  as  in 
the  normal  medium  except  for  DHT. 

Human  prostate  cancer  cells  DU  145  and  PC3  were 
grown  in  RPMI  containing  10%  FBS,  2  mM  L-glutamine, 
lOOU/ml  penicillin /1 00  pg/ ml  streptomycin.  Cells 
were  maintained  in  a  humidified  incubator  at  37°C 
and  5%  C02. 

Measurement  of  Cell  Growth  In  Vitro 

Cell  growth  was  monitored  by  direct  counting.  Cells 
in  12- well  plates  were  washed  once  with  PBS,  detached 
using  Trypsin,  and  transferred  to  a  suspension  vial  in  a 
final  volume  of  10  ml  PBS.  Cells  were  counted  using  a 
COULTER™  Multisizer  II  instrument  (Beckman 
Coulter,  Inc.,  Hialeah,  FL)  gated  for  the  appropriate 
cell  size  and  corrected  for  particulate  debris.  Each 
experiment  was  performed  in  biological  replicates  and 
each  vial  was  counted  twice. 

Flow  Cytometry  Quantification  of  Mitosis 

Cells  were  treated  with  celecoxib  for  24  hr,  sus¬ 
pended  using  trypsin,  fixed  and  permeabilized  using 
BD  cytofix/cytoperm  solution  (BD  Pharmingen) 
according  to  instructions.  Cells  were  incubated  with 
antibodies  to  phospho-histone  H3  for  30  min,  washed 
three  times  in  BD  perm /wash  buffer,  and  stained 
with  Alexa  Fluor-488  anti-mouse  antibodies  for 
20  min  followed  by  three  more  washes.  The  cells  were 
resuspended  at  a  density  of  approximately  106  cells/ 
0.5  ml  in  BD  perm/ wash  buffer  containing  50  pg/ ml 
DNase-free  RNase  A,  and  50  pg/ ml  propidium  iodine. 
Fluorescence  of  single  cells  was  recorded  using  a 


Facscan  flow  cytometer  (BD  Pharmingen).  Flowjo™ 
Software  was  used  for  data  analysis. 

Western- Blot  Analysis  of  Protein  Expression 

Cells  treated  with  40  pM  celecoxib  for  the 
indicated  times  were  lysed  on  ice  in  the  presence  of 
phosphatase  and  protease  inhibitors.  Lysates  were 
clarified  by  centrifugation  and  the  protein  concentra¬ 
tion  in  each  sample  was  measured  using  a  BCA  assay 
(Pierce,  Rockford,  IL).  Lysates  were  submitted  to  SDS- 
PAGE  electrophoresis.  Proteins  were  transferred  to 
Immobilon-P®  membranes  (Millipore,  Billerica,  MA), 
which  were  incubated  with  a  blocking  buffer  for  20  min 
(Pierce).  The  first  antibody  was  incubated  overnight. 
Peroxidase-conjugated  antibodies  (Amersham  Bio¬ 
sciences,  Piscataway,  NJ)  were  added  for  45  min. 
Proteins  were  revealed  using  a  chromogenic  stabilized 
substrate  from  Promega  (Madison,  WI).  When  appro¬ 
priate,  membranes  were  stripped  using  Restore™ 
Stripping  Buffer  (Pierce)  for  15  min  and  reprobed. 

Animal  Model  and  Surgical  Techniques 

Animal  experiments  have  been  approved  by  our 
Institutional  IACUC  and  were  conducted  in  accord¬ 
ance  to  NIH  guidelines.  The  dorsal  skinfold  chambers 
were  prepared  as  described  previously  [16,19].  Briefly, 
male  C57/bl6  mice  (25-30  g  body  weight)  were 
anesthetized  and  placed  on  a  heating  pad.  Two  sym¬ 
metrical  titanium  frames  were  implanted  into  the 
dorsal  skinfold.  A  circular  layer  was  excised  from  one 
of  the  skin  layers.  The  underlying  muscle  and  subcuta¬ 
neous  tissues  were  covered  with  a  glass  coverslip 
incorporated  in  one  of  the  frames.  After  a  recovery 
period  of  2-3  days,  prostate  tissue  and  tumor  cells  were 
carefully  placed  in  the  chamber. 

Preparation  of  Tumor  Spheroids 

TRAMP-C2-GFP  cells  were  trypsinized  and  adjust¬ 
ed  to  a  concentration  of  250,000  cells/ ml.  Cell  suspen¬ 
sions  were  then  overlaid  into  96-well  round  bottom 
plates  coated  with  1%  agarose  (100  pi  cell  suspension/ 
well).  Cell  spheroids  were  allowed  to  compact  for  48  hr 
and  were  washed  in  serum-free  medium  before 
implantation  into  the  mouse  chambers. 

Implantation  of  ProstateTissue  and  Cancer  Cells 

Anterior  prostate  tissue  was  excised  from  a  normal 
C57/BL6  mouse,  minced  into  small  pieces  (<1  mm2), 
and  implanted  into  a  chamber.  A  small  indentation  was 
made  in  the  center  of  the  prostate  tissue,  in  which  a  pre¬ 
formed  tumor  spheroid  was  placed.  The  prostate  tissue 
and  tumor  spheroid  were  allowed  to  re-vascularize 
prior  to  experimentation. 
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Surgical  Castration 

Mice  were  anesthetized  with  7.3  mg  ketamine 
hydrochloride  and  2.3  mg  xylazine/100  g  body  weight, 
i.p.  A  lateral  incision  across  the  scrotum  was  made  and 
the  testes  were  individually  ligated  and  excised.  The 
wound  was  cauterized.  The  incision  was  then  sutured 
and  sealed  with  Nexaband  R  acrylic. 

Chemical  Castration 

The  mice  were  chemically  castrated  through  oral 
administration  of  Cyproterone  acetate  twice  daily 
(0.5  mg /kg)  and  injection  of  Leuprolide  acetate  daily 
(0.07  mg/kg). 

CelecoxibTreatment 

Celecoxib  was  administered  orally  twice  daily 
(15  mg/kg/ administration). 

Intravital  Microscopy 

Fluorescence  microscopy,  image  analysis,  measure¬ 
ment  of  tumor  growth  and  vascular  parameters, 
calculation  of  mitotic  and  apoptotic  indices  have  been 
carefully  detailed  in  our  previous  study  [16]. 

RESULTS 

TRAMP-C2  cells  were  derived  from  the  prostate 
tumor  of  a  TRAMP  mouse  and  were  shown  previously 
to  have  lost  the  viral  SV40-T  antigen  and  to  be 
tumorigenic  in  vivo  [17].  The  GFP-tagged  cells 
(TRAMP-C2-GFP)  display  the  same  growth  character¬ 
istics  as  parental  cells  and  are  androgen-dependent  in 
vivo  [16],  and  in  vitro  (Supplemental  Fig.  1). 

We  first  tested  the  sensitivity  of  TRAMP-C2-GFP 
cells  to  celecoxib  in  vitro.  As  shown  in  Figure  1,  a 
concentration  of  20  pM  reduced  cell  growth  by  more 
than  50%,  whereas  50  pM  completely  inhibited  cell 
growth.  It  should  be  noted  that  these  concentrations  are 
within  the  physiological  range.  Indeed,  average  plasma 
levels  achieved  by  the  administration  of  800  mg 
Celecoxib  (FDA-approved  dose  for  the  treatment  of 
familial  adenomatous  polyposis)  are  8  pM  within  24  hr 
of  administration  and  can  reach  up  to  40  pM,  whereas 
even  higher  peak  levels  are  reached  3  hr  post-admin¬ 
istration  [20-22]. 

Relevance  to  human  cancer  was  assessed  by  meas¬ 
uring  the  growth  of  human  prostate  cancer  cells 
following  treatment  with  celecoxib  in  similar  condi¬ 
tions  (Fig.  1).  A  concentration  of  40  pM  was  needed  to 
reduce  the  growth  of  DU145  and  PC3  cells  by  50%. 
Thus,  aggressive  human  prostate  cancer  cells  are  also 
sensitive  to  celecoxib-induced  toxicity,  as  previously 
shown  by  others  [8,23-25]. 


Fig.  I.  Effect  of  celecoxib  on  the  growth  of  prostate  cancer 
cells  in  vitro.  Mouse  TRAMP-C2  cells  stably  transfected  with 
H2B-GFP  (top  panel),  as  well  as  human  prostate  cancer  cells  PC3 
(middle  panel)  and  DU  145  (bottom  panel),  were  treated  with 
increasing  concentrations  of  celecoxib  for  48  hr.  Cells  were  counted 
using  a  Cell  Coulter  Multisizer  II  as  described  in  Methods  Section. 
Results  are  expressed  relative  to  untreated  cells  and  are 
means  ±  SEM  of  three  separate  experiments,  each  done  in  biological 
duplicates. 

The  morphology  of  celecoxib-treated  TRAMP-C2- 
GFP  cells  was  assessed  by  fluorescent  and  bright-field 
microscopy  (Fig.  2A).  Celecoxib  at  10  pM  did  not 
alter  the  morphology  of  most  cells,  although  a  few 
cells  were  observed  that  contained  enlarged  nuclei. 
Some  dead  cells  were  observed  (thin  arrow).  The 
number  of  cells  in  mitosis  (thick  arrows)  was  higher 
compared  to  the  control  condition.  At  20  pM,  celecoxib 
induced  a  dramatic  change  in  cell  morphology.  Most 
cells  had  become  flat,  large  cells  with  enlarged  and 
abnormal  nuclei.  At  50  pM,  most  cells  were  visibly 
dying.  These  observations  are  consistent  with  the 
hypothesis  that  celecoxib  induces  growth  arrest  of 
TRAMP-C2-GFP  cells  by  impairing  mitosis,  which  is 
eventually  followed  by  mitotic  catastrophe  and  cell 
death. 
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Fig.  2.  Effect  of  celecoxib  inTRAMP-C2-GFP  prostate  cancer  cells.  Panel  A:  Bright  field  microscopy  (right)  and  fluorescence  microscopy 
(left)  of  TRAMP-C2-GFP  cells  treated  with  increasing  doses  of  Celecoxib  for  48  hr.Thick  arrows  point  to  mitotic  cells;  thin  arrows  point  to 
dead  cells.  Panel  B:  Cells  were  treated  with  the  indicated  concentrations  of  celecoxib  for  24  hr.  Cells  were  detached  using  trypsin,  fixed,  and 
co-stained  for  phospho-H3  (alexa-fluor  488)  and  DNA  content  (propidium  iodide). The  graph  shows  the  proportion  of  cells  in  mitosis  as 
compared  to  control,  determined  by  flow  cytometry  on  Facscan  (BD  Biosciences).  Panel  C:  TRAMP-C2-GFP  cells  were  treated  with 
40  pM  celecoxib  for  the  indicated  times.  Cells  were  lysed  and  protein  expression  was  analyzed  by  Western-blot.  Blot  membranes  were 
stripped  and  reprobed  using  the  indicated  antibodies.  P-ERK:  Phosphorylation-specific  antibodies  to  ERK.  Panel  D:TRAMP-C2-GFP  cells 
were  incubated  in  medium  with  or  without  androgen  and  treated  with  increasing  concentrations  of  celecoxib  for  48  hr  before  cell  counting. 
Results  are  expressed  relative  to  untreated  cellsgrown  in  medium  containing  androgen,  and  are  means  ±  SEM  of  three  separate  experiments, 
each  done  in  biological  triplicate. 


The  effect  of  celecoxib  on  mitosis  was  further 
validated  by  flow  cytometry  analysis.  Thus,  cells  treated 
with  celecoxib  were  fixed  and  incubated  with  anti¬ 
bodies  to  phospho-histone  H3.  Phosphorylation  of 
histone  H3  on  serine  10  is  restricted  to  mitosis  and 
therefore  allows  to  specifically  stain  mitotic  cells.  DNA 
content  was  measured  in  parallel  by  PI  staining.  The 
flow  cytometry  profiles  of  control  (untreated)  and  cells 
treated  with  two  doses  of  celecoxib  are  shown  in 
Supplemental  Figure  S2.  Celecoxib  increased  the  pro¬ 
portion  of  mitotic  cells  by  fourfold,  an  effect  that  was 
maximum  at  the  lowest  concentration  tested  (Fig.  2B). 

A  time-course  of  celecoxib  was  performed  in 
TRAMP-C2-GFP  cells,  and  the  expression  or  phosphor¬ 


ylation  levels  of  several  proteins  were  examined  by 
Western-Blot  (Fig.  2C).  At  these  early  times  of  treatment 
(up  to  6  hr),  celecoxib  had  no  effect  on  PARP  integrity, 
and  did  not  visibly  alter  the  expression  of  p27Kipl.  No 
change  in  the  phosphorylation  of  Akt  was  seen, 
although  the  signal  was  very  weak  (data  not  shown). 
Low  levels  of  constitutive  Akt  phosphorylation  are  not 
unexpected,  since  there  is  no  know  alteration  of  the 
PTEN/PI3-kinase  pathway  in  these  cells.  However, 
the  cells  do  exhibit  constitutive  ERK  phosphorylation 
(Fig.  2C),  which  was  inhibited  by  celecoxib  within 
15  min  of  treatment. 

We  next  examined  the  hypothesis  that  hormonal 
ablation,  which  is  the  standard  of  treatment  for 
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androgen-dependent  prostate  cancer,  may  be  more 
efficacious  when  combined  with  celecoxib.  As  shown 
in  Figure  2D,  androgen  deprivation  alone  decreased 
cell  proliferation  by  56  ±  1 1  %,  whereas  the  combination 
of  androgen  deprivation  and  20  pM  celecoxib  inhibited 
cell  proliferation  by  88  ±  6%.  We  conclude  that  in  vitro, 
the  combination  treatment  was  more  efficient  than 
either  treatment  alone,  although  the  combined  effect 
was  less  than  additive. 

The  mouse  dorsal  chamber  was  used  to  evaluate  the 
effect  of  this  combination  therapy  on  tumor  growth 


in  vivo.  TRAMP-C2-GFP  cell  spheroids  were  co¬ 
implanted  in  the  dorsal  chambers  of  mice  with  prostate 
tissue  obtained  from  a  donor  mouse.  The  implanted 
prostate  tissue  and  tumor  cells  were  allowed  to 
vascularize  for  2  weeks.  Once  the  prostate  tissue  and 
the  tumor  were  established,  surgical  castration  was 
used  to  induce  androgen  deprivation  (considered  day  0 
of  treatment).  Four  treatment  groups  were  studied: 
control  untreated  mice,  castrated  mice,  celecoxib 
15  mg/kg  twice  daily,  celecoxib  15  mg/kg  twice  daily 
combined  with  castration.  Figure  3A  illustrates  the 
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Fig.  3.  Effect  of  celecoxib  and/or  surgical  castration  on  prostate  tumor  growth  in  vivo.TRAMP-C2-GFP  cell  spheroids  were  co-implanted 
with  prostate  tissue  and  allowed  to  vascularize. When  there  was  proper  blood  flow  within  the  growing  tumors,  the  mice  were  surgically  cas¬ 
trated  (Day  0)  and  Celecoxib  treatment  (15  mg/kg/administration)  was  started  by  oral  administration  twice  daily. Tumors  were  imaged  by  intra- 
vital  microscopy  once  a  week.  Panel  A:  A  representative  collage  of  tumorgrowth  in  the  four  treatment  groups.  Bar  ~500  pm.  Panel  B  and  C: 
Graphic  representation  of  relative  tumor  areas  (B)  and  relative  tumor  intensities  (C)  calculated  from  intravital  microscopy  data  (log  scale). 


The  Prostate 


Combining  Celecoxib  and  AndrogenTherapy  819 


effects  of  celecoxib  and  castration  on  tumor  growth  in 
our  pseudo-orthotropic  model,  whereas  Figure  3B,C 
depicts  the  quantification  of  tumor  growth  parameters 
measured  by  fluorescent  intravital  microscopy  as  des¬ 
cribed  in  Ref.  [16].  The  growth  of  tumors  was  apparent 
between  days  14  and  21  in  the  control  mice,  with  a 
fourfold  increase  in  both  tumor  area  and  relative  tumor 
intensity  at  day  21.  Celecoxib  caused  a  significant 
slowing  of  tumor  growth,  since  only  a  twofold  increase 
in  both  tumor  area  and  tumor  intensity  was  observed 
after  21  days.  In  agreement  with  our  previous  report 
[16],  castration  completely  prevented  the  growth  of 
TRAMP-C2-GFP  tumors.  However,  none  of  these 
treatments  alone  resulted  in  the  regression  of  estab¬ 
lished  tumors.  In  contrast,  the  combination  of  surgical 
castration  with  celecoxib  caused  a  three  to  fourfold 
tumor  regression.  Indeed,  a  decrease  of  80%  in  tumor 
area  (Fig.  3B),  and  a  decrease  of  65%  in  tumor  intensity 
(Fig.  3C)  were  observed  compared  to  untreated  mice. 

The  apoptotic  and  mitotic  index  of  each  tumor  in  this 
experiment  were  measured  using  a  higher  microscopy 
magnification  (shown  in  Fig.  4).  The  initial  rate  of 
apoptosis  within  the  tumors  decreased  fivefold  in  the 
control  mice,  indicative  of  a  high  cell  survival  rate 


when  the  implanted  cells  start  growing  into  a  tumor. 
In  contrast,  the  rate  of  apoptosis  remained  constant, 
or  was  somewhat  increased,  within  the  tumors  of  the 
treated  mice. 

On  the  other  hand,  the  mitotic  index  was  stable  in  the 
growing  tumors  of  control  mice,  indicating  that  the 
ratio  of  cells  undergoing  mitosis  remained  constant 
within  the  cell  population.  Treatment  with  celecoxib 
alone  increased  the  mitotic  index  fourfold,  whereas 
celecoxib  combined  with  castration  caused  a  fivefold 
increase  in  the  intratumoral  mitotic  index,  suggesting 
that  many  cells  arrested  in  mitosis  (Fig.  4B).  Close 
examination  of  tumor  cells  nuclei  over  time  (using 
H2B-GFP  fluorescence)  allowed  us  to  visualize  the 
onset  of  mitosis  (Fig.  5,  Panels  A-B).  Two  days  later  we 
observed  that  cell  division  failed  (Panel  C)  and  the 
nuclei  eventually  became  pycnotic  (Panel  D).  These 
observations  suggest  that  celecoxib  induced  mitotic 
arrest,  leading  to  mitotic  failure  and  apoptosis. 

It  had  been  reported  previously  that  COX-2  inhib¬ 
itors  alter  tumor  growth  in  part  through  an  anti- 
angiogenic  activity  [26].  Surprisingly,  the  vascular 
parameters  measured  from  our  experiments  showed 
no  difference  between  control  and  celecoxib-treated 
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Fig.  4.  Mitotic  and  apoptotic  index.  Graphic  representation  of  the  mean  apoptotic  index  (Panel  A)  and  the  mean  mitotic  index  (Panel  B) 
within  the  tumors,  calculated  from  intravital  microscopy  data.The  animal  experiments  are  the  same  as  described  in  Figure  2. 
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Fig.  5.  Intravital  microscopy  at  high  magnification  of  celecoxib- 
treated  TRAMP-C2-GFP  tumors.  Tumors  from  celecoxib-treated 
mice  (shown  in  Fig.  2)  were  imaged  by  intravital  microscopy  at  high 
magnification.  Panels  A  and  B:  H2B-GFP  fluorescence  of  TRAMP- 
C2-GFP  tumors  showing  the  onset  of  mitosis  at  day  3.  Bar  ~25  pm 
(A);  ~  10  pm  (B).  Panels  C  and  D:  Failed  mitosis  (C)  with  the  nuclei 
becoming  pycnotic  at  day  5  (D).  Bar  ~25  p  (C,D). 


mice,  suggesting  that  celecoxib  did  not  possess 
angiostatic  activity  in  this  mouse  model  (Fig.  6).  The 
combination  of  celecoxib  and  castration  decreased 
both  the  mean  vascular  area  and  the  density  of  the 
vasculature. 

In  prostate  cancer  patients,  androgen  withdrawal 
is  achieved  chemically.  To  mimic  the  clinical  setting, 
chemical  castration  was  combined  with  COX-2  inhib- 
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Fig.  6.  Effect  of  celecoxib  treatment  on  intra-tumoral  angio¬ 
genesis.  Tumors  were  imaged  by  intravital  microscopy  and  vascular 
parameters  were  calculated.  Graphic  representation  of  vascular 
parameters  (area,  diameter,  and  density)  for  control,  celecoxib- 
treated  and  celecoxib  +  castrated  animals. 


ition.  TRAMP-C2-GFP  cell  spheroids  were  implanted 
with  orthotropic  prostate  stroma  in  the  dorsal  cham¬ 
bers  of  mice.  All  the  mice  were  treated  with  cyproterone 
acetate  and  leuprolide  to  induce  androgen  deprivation. 
One  group  of  chemically  castrated  mice  was  treated 
with  celecoxib  15  mg/kg  (twice  daily)  whereas  the 
other  group  received  sham  treatment  (Fig.  7).  As  can  be 
seen  from  comparing  Figures  3  and  7,  chemical 
castration  and  surgical  castration  had  very  similar 
effects  on  tumor  growth.  Combining  celecoxib  treat¬ 
ment  with  chemical  castration  caused  tumor  regres¬ 
sion,  similarly  to  the  combination  of  celecoxib  and 
surgical  castration.  The  rate  of  mitosis  increased 
significantly  in  tumors  of  mice  treated  with  combina¬ 
tion  therapy  compared  to  androgen  deprivation  alone 
(Fig.  7E).  Our  experiments  demonstrate  that  surgical 
and  chemical  castration  have  similar  effect  on  tumor 
regression  when  combined  with  celecoxib  treatment. 

In  this  model  of  the  clinical  condition,  we  observed  a 
deep  regression  of  angiogenesis  within  only  2  days,  as 
shown  in  Figure  8.  Androgen  deprivation  combined 
with  celecoxib  caused  the  vasculature  to  shrink,  as 
measured  by  the  vascular  area  and  the  vascular 
diameter  (Panel  B). 

In  conclusion,  celecoxib  alone  decreased  tumor 
growth  by  causing  cell  cycle  arrest  and  mitotic  failure. 
It  had  no  measurable  effect  on  vascular  parameters  in 
our  model.  Castration,  which  directly  inhibited  the 
proliferation  of  prostate  cancer  cells  in  vitro  (Suppl. 
Fig.  1),  blocked  tumor  growth  in  vivo  but  did  not 
result  in  regression.  The  combination  of  celecoxib  and 
androgen  withdrawal,  however,  resulted  in  tumor 
regression  and  was  associated  with  rapid  shrinkage 
of  the  vasculature. 


DISCUSSION 

Animal  models  are  crucial  to  our  understanding  of 
the  mechanisms  underlying  tumor  progression  and 
growth.  Current  rodent  models  such  as  xenograft 
human  tumors  in  immunodeficient  mice  do  not 
sufficiently  represent  relevant  clinical  cancer  models, 
especially  with  regard  to  angiogenesis  and  drug 
sensitivity.  Transgenic  animals,  on  the  other  hand,  do 
not  permit  the  direct  measurement  of  tumor  growth, 
and  time-dependent  observations  can  be  made  only  by 
inference  after  killing  mice  at  various  time  points.  The 
dorsal  skinfold  chamber  allows  repeated  observations 
in  the  same  animal  over  extended  time  periods.  Thus, 
evaluation  of  vascular  responses  to  treatment  can  be 
done  in  real-time.  The  use  of  TRAMP-C2  cells  trans¬ 
fected  with  H2B-GFP  also  allows  us  to  measure 
increases  or  decreases  in  tumor  growth  and  to  assess 
other  underlying  mechanisms  (mitosis  or  apoptosis) 
that  influence  tumor  progression. 
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Fig.  7.  Effect  of  combining  celecoxib  and  hormonal  ablation  by  chemical  castration  on  the  growth  of  tumors.TRAMP-C2-GFP  spheroids 
were  co-implanted  with  prostrate  tissue  and  allowed  to  vascularize.When  there  was  proper  flow  within  the  tumors,  mice  were  chemically 
castrated  by  oral  administration  of  cyproterone  acetate  twice  daily  and  injection  of  leuprolide  acetate  daily,  starting  at  Day  0.  Celecoxib 
was  administered  orally  twice  daily,  also  starting  at  Day  0.  Panel  A:  Representative  collage  of  tumor  growth.  Bar  ~500|im.  Panels  B 
and  C:  Graphic  representation  of  relative  tumor  area  and  intensity  calculated  from  intravital  microscopy  data.  Panels  D  and  E: 
Apoptotic  and  mitotic  index. 


We  have  used  this  model  to  examine  the  effect  of 
COX-2  inhibitor  celecoxib  in  combination  with  andro¬ 
gen  withdrawal  for  the  treatment  of  prostate  cancer. 
Surgical  castration  combined  with  celecoxib  caused 
tumor  regression,  which  was  not  observed  with 
castration  or  celecoxib  alone. 

These  results  are  in  line  with  the  recent  finding  that  a 
combination  of  celecoxib  and  androgen  withdrawal 
delayed  the  acquisition  of  androgen-independence  in  a 


xenograft  model  using  human  LNCaP  cells  [8],  which 
suggests  that  these  observations  may  be  relevant  to 
human  disease. 

Observation  of  various  tumor  parameters  indicated 
that  regression  was  caused  by  a  combination  of 
decreased  vascularization  due  to  androgen  with¬ 
drawal,  together  with  tumor  cells  growth  arrest  due 
mostly  to  celecoxib  treatment.  Thus,  the  efficacy  of  the 
combination  was  much  better  in  vivo  than  in  vitro. 
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Fig.  8.  Effect  of  hormonal  ablation  by  chemical  castration  on 
intra-tumoral  angiogenesis.  Tumors  from  the  mice  treated  with 
the  combination  therapy  as  described  in  Figure  6,  were  imaged  by 
intravital  microscopy  and  vascular  parameters  were  calculated. 
Panel  A:  Phase  contrast  representative  images  of  tumor  vascula¬ 
ture  at  days  0  and  2  post-castration.  Bar  ~500pm  (A,B),  50  pm 
(C,D).  Panel  B:  Graphic  representation  of  the  vascular  area  and 
the  mean  diameter  of  tumor  vasculature  calculated  from  intravital 
microscopy  data. 

because  of  the  separate  effects  of  each  treatment  on 
distinct  biological  compartments  (vasculature,  stroma, 
possibly  inflammatory  cells)  that  are  not  represented  in 
the  culture  of  cell  lines. 

A  critical  aspect  in  understanding  and  treating 
cancer  progression  is  the  relationship  between  the 
tumor  and  the  "soil"  that  supports  its  growth  and 
progression.  It  is  well  known  that  stromal -epithelial 
interactions  are  very  important  for  androgen  depend¬ 
ent  prostate  cancer  [27].  Thus,  co-implanting  TRAMP- 
C2  cells  with  prostate  stroma  obtained  from  a  donor 
mouse  provides  the  tumor  cells  with  an  environment 
which  closely  resembles  orthotropic  implantation. 
When  cancer  cells  were  implanted  in  the  chambers  in 
the  absence  of  prostate  tissue,  they  did  not  grow  into 
tumors,  and  treatment  with  celecoxib  did  not  alter 


tumor  parameters  (supplemental  Fig.  3),  exemplifying 
the  importance  of  the  orthotropic  milieu  in  assessing 
treatment  parameters. 

The  in  vivo  mechanism  by  which  COX-2  affects 
tumor  growth  is  still  not  completely  understood.  It  has 
been  suggested  that  COX-2  inhibitors  induce  cell  cycle 
arrest  and  apoptosis  in  cancer  cells  through  a  mecha¬ 
nism  that  is  fundamentally  different  from  the  apoptosis 
caused  by  cancer  chemotherapeutic  agents.  Our  results 
showing  that  celecoxib  caused  growth  arrest  and 
mitotic  failure,  characterized  by  deep  alterations  of 
nuclei  morphology,  and  followed  by  mitotic  catastro¬ 
phe  and  cell  death,  are  in  agreement  with  this 
hypothesis. 

Celecoxib  did  not  alter  protein  levels  of  p53  or  PARP, 
which  are  involved  at  early  stages  of  apoptosis. 
Although  in  some  cell  lines  celecoxib  inhibits  the  PI3- 
kinase  pathway  and  decreases  the  phosphorylation  of 
Akt  [28],  we  did  not  detect  changes  in  phospho-Akt. 
However,  the  PI3-kinase  pathway  is  not  constitutively 
active  in  the  TRAMP-C2  cells,  therefore  levels  of 
phospho-Akt  are  barely  detectable  and  probably  not 
amenable  to  celecoxib  alteration.  In  contrast,  ERK 
phosphorylation  was  constitutively  high  and  was 
inhibited  by  celecoxib,  a  result  consistent  with  previous 
observations  (reviewed  in  Ref.  [29]). 

We  conclude  that  COX-2  selective  inhibitor  cele¬ 
coxib,  through  COX-2  dependent  and  independent 
mechanisms,  significantly  increases  the  efficacy  of 
androgen  withdrawal  in  a  mouse  model  of  prostate 
cancer.  This  combination  warrants  further  investiga¬ 
tion  as  a  complement  therapy  for  aggressive  prostate 
cancer. 
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BACKGROUND.  Hormonal  ablation  is  the  standard  treatment  for  disseminated  androgen- 
dependent  prostate  cancer.  Although  tumor  growth  is  controlled  at  first,  the  tumor  invariably 
recurs  in  the  form  of  castration-resistant  prostate  cancer.  This  study  assessed  the  efficacy  of  a 
new  therapeutic  strategy  that  combines  plumbagin,  a  naturally  occurring  naphthoquinone, 
with  androgen  ablation. 

METHODS.  Viewing  microscopy  chambers  were  placed  in  the  dorsal  skinfold  of  mice. 
Syngeneic  prostate  tissue  was  grafted  within  the  chambers  and  allowed  to  vascularize. 
H2B-GFP/PTEN-P2  prostate  cancer  cells  were  co-implanted  on  top  of  the  grafted  prostate 
tissue.  Androgen  ablation  was  achieved  using  surgical  castration.  Intact  and  castrated  mice 
were  administered  plumbagin  or  sham  treatment.  Tumor  growth,  mitosis  and  apoptosis 
were  monitored  in  real-time  using  fluorescent  Intra-Vital  Microscopy.  The  mechanism  of 
action  of  plumbagin  was  explored  using  human  and  mouse  prostate  cancer  cells. 

RESULTS.  Whereas  both  plumbagin  and  castration  alone  impeded  tumor  growth,  only  the 
combination  of  plumbagin  and  castration  caused  profound  tumor  regression  in  vivo,  mostly 
due  to  increased  apoptosis  of  the  tumor  cells.  The  cytotoxicity  of  plumbagin  was  not  affected 
by  androgens  in  vitro,  suggesting  that  microenvironmental  factors  not  present  in  culture  play 
a  crucial  role  in  the  combination  effect.  Plumbagin-induced  cell  death  was  mediated,  at  least 
in  part,  by  activation  of  ERK  and  was  due  to  generation  of  reactive  oxygen  species,  because  it 
was  abolished  by  the  anti-oxidant  N-acetyl-L-cysteine. 

CONCLUSION.  Androgen  deprivation  in  combination  with  plumbagin  may  provide  a  sig¬ 
nificant  improvement  over  androgen  deprivation  alone  and  deserves  further  evaluation. 
Prostate  ©  2012  Wiley  Periodicals,  Inc. 
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INTRODUCTION 

Prostate  cancer  is  typically  slow  growing  and  when 
the  tumor  is  contained  within  the  gland,  medical 
options  include  watchful  waiting/active  surveillance 


or  surgery  with  or  without  radiotherapy.  Once  it  has 
spread  outside  the  prostate  capsule,  it  is  treated  with 
hormone  ablation,  which  invariably  results  in  the  even¬ 
tual  emergence  of  castration-resistant  prostate  cancer 
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(CRPC)  [1].  About  90%  of  patients  with  advanced  dis¬ 
ease  will  develop  metastases  to  the  bone,  although  me- 
tastases  may  also  develop  in  the  liver,  the  lungs,  and 
the  brain  [2].  While  the  5-year  survival  rate  is  close  to 
100%  for  local  disease,  it  drops  to  30%  for  advanced 
cancer  [3].  Conventional  chemotherapeutic  drugs  and 
immunotherapy  can  prolong  life  in  patients  with 
CRPC,  but  the  survival  benefit  is  limited  [4].  Thus,  cur¬ 
rent  hormonal  and  chemotherapy  treatments  for  such 
advanced  disseminated  disease  are  palliative  only  and 
new  strategies  to  prevent  the  emergence  of  CRPC  are 
needed. 

Plumbagin  (5-hydroxy-2-methyl-l  ,4-naphthoquinone) 
is  a  naturally  occurring  naphthoquinone  isolated 
from  various  plants  of  the  Plumbaginaceae  and  Dro- 
seraceae  families  and  used  in  traditional  medicine 
across  Asia  (Fig.  1).  It  has  anti-proliferative  effects  in 
vitro  and  anti-cancer  effects  in  animal  models  and 
therefore  is  receiving  attention  as  a  potential  thera¬ 
peutic  drug  for  the  treatment  of  various  types  of  can¬ 
cer  including  prostate  cancer  (reviewed  in  [5]). 
Treatment  with  plumbagin  inhibits  the  proliferation 
of  prostate  cancer  cells  in  vitro  [6]  [7].  In  addition, 
plumbagin  delays  the  growth  of  androgen-indepen- 
dent  cancer  cells  in  a  subcutaneous  xenograft  mouse 
model  [6]  [8].  Plumbagin-induced  apoptosis  was  asso¬ 
ciated  with  the  generation  of  reactive  oxygen  species 
(ROS)  and  could  be  prevented  by  treatment  with  the 
anti-oxidant  N-acetyl-L-cysteine  (NAC)  [7]. 

In  various  types  of  cancer,  plumbagin  used  in  com¬ 
bination  with  radiotherapy  increases  apoptosis  of 
tumor  cells,  demonstrating  a  radiosensitizing  effect 
in  cancer  cells  [9-12].  Plumbagin  also  increases  the 
efficacy  of  tumor  necrosis  factor-related  apoptosis- 
inducing  ligand  (TRAIL)  in  human  melanoma  cells 
[13].  These  studies  indicate  that  combination  with 
plumbagin  has  the  potential  to  improve  the  efficacy 
of  several  standard  treatment  regimens.  However, 
the  effect  of  plumbagin  on  prostate  cancer  when 


o 


5-hydroxy-2-methyl-1 ,4-naphthoquinone 
Fig.  I.  Structure  of  plumbagin. 


administered  at  the  time  of  androgen  withdrawal  has 
not  been  investigated,  and  this  was  the  aim  of  the 
present  study. 

To  assess  the  efficacy  of  plumbagin  treatment 
in  combination  with  castration  in  vivo,  Intra-Vital 
Microscopy  (IVM)  was  used  in  a  mouse  model  of 
prostate  cancer.  IVM  permits  the  visualization  of 
tumors  in  animals  and  the  analysis  of  various  aspects 
of  cancer  physiology  such  as  vascularization,  tumor 
growth,  cell  migration,  intra-tumoral  proliferation, 
and  apoptosis.  The  main  advantages  of  IVM  include 
the  real-time  analysis  of  dynamic  processes  with  sin¬ 
gle-cell  resolution,  in  a  non-invasive  manner.  Since 
the  application  of  IVM  is  limited  to  animal  models 
that  bear  visually  accessible  tumors,  we  used  our  pre¬ 
viously  developed  orthotopic  dorsal  skinfold  cham¬ 
ber  model  (reviewed  in  [14]).  In  this  model,  a  dorsal 
skinfold  chamber  containing  a  microscopy  viewing 
window  is  surgically  placed  on  a  mouse.  Prostate  tis¬ 
sue  is  grafted  within  the  chamber  and  becomes  vascu¬ 
larized,  thereby  providing  an  orthotopic  stroma  on 
top  of  which  the  tumor  cells  are  co-implanted.  Using 
this  model,  we  demonstrate  that  the  combination  of 
plumbagin  and  androgen  withdrawal  synergized  in 
vivo  to  cause  regression  of  prostate  tumors. 

MATERIALS  AND  METHODS 

Materials 

DHT  (dihydrotestosterone),  Casodex®  (bicaluta- 
mide),  plumbagin  from  Plumbago  indica,  and  NAC 
were  purchased  from  Sigma- Aldrich  (St.  Louis,  MO). 
Plumbagin,  Figure  1,  was  dissolved  in  ethanol  for  in 
vitro  experiments  or  in  DMSO  +  polyethylene  glycol 
30%  (w/ v)  for  in  vivo  use. 

Cell  Culture 

PC3  and  DU145  human  prostate  cancer  cell  lines 
were  purchased  from  ATCC.  LNCaP  cells  were 
kindly  provided  by  Dr.  Dan  Mercola  (University  of 
California,  Irvine).  The  cell  line  has  a  characteristic 
morphology  (described  by  ATCC)  and  its  identity 
was  verified  by  testing  its  androgen  dependency  and 
lack  of  the  tumor  suppressor  gene  PTEN.  For  each 
cell  line,  cell  culture  passages  are  limited  to  20.  All 
human  cell  lines  were  cultured  according  to  ATCC 
recommendations.  PTEN-P2  mouse  prostate  cancer 
cells  were  generously  provided  by  the  Wu  laboratory 
and  have  been  described  in  [15].  Expression  of  histone 
H2B-GFP  fluorescent  protein  was  achieved  by  infec¬ 
tion  with  a  viral  vector  followed  by  selection  in  genet- 
icine  as  previously  done  in  other  cell  lines  [16].  After 
several  weeks  of  selection,  green-fluorescent  cells 
were  sorted  by  Flow  Cytometry  to  retain  cells  within 
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a  relatively  homogenous  range  of  fluorescence  inten¬ 
sity.  These  cells  were  grown  in  DMEM  containing 
10%  FBS,  2  mM  L-glutamine,  100  U/ml  penicillin 
100  pg/ml  streptomycin,  insulin-selenium-transferrin 
(5  jxg/ml  insulin),  and  DHT  10-8  M  final.  G418 
(100  pg/ml)  was  added  to  maintain  stable  expression 
of  H2B-GFP. 

In  some  experiments,  androgen  withdrawal  was 
achieved  by  maintaining  the  cells  in  phenol  red-free 
medium  containing  10%  charcoal-stripped  FBS  (Gibco 
at  Life  Technologies,  Carlsbad,  CA)  and  the  same  sup¬ 
plements  as  in  the  normal  medium  except  for  DHT, 
which  was  added  only  in  the  experimental  conditions 
"+  androgen".  In  other  experiments,  androgen  with¬ 
drawal  was  achieved  by  addition  of  androgen  antago¬ 
nist  Casodex  to  the  normal  growth  medium. 

Cell  Proliferation 

The  effect  of  plumbagin  on  cell  proliferation  was 
measured  by  directly  counting  the  cells  24  hr  after 
treatment.  Briefly,  cells  in  12-well  plates  were  washed 
once  with  PBS,  detached  using  Trypsin,  and  trans¬ 
ferred  to  a  suspension  vial  in  a  final  volume  of  10  ml 
PBS.  Cells  were  counted  using  a  COULTER™  Multi¬ 
sizer  II  instrument  (Beckman  Coulter  Inc.,  Hialeah, 
FL)  gated  for  the  appropriate  cell  size  and  the  elimi¬ 
nation  of  particulate  debris.  Each  vial  was  counted 
twice  and  each  experiment  was  performed  in 
duplicates. 

Cell  Cycle  Analysis 

Cells  treated  with  plumbagin  were  suspended 
with  trypsin  and  pooled  with  cells  floating  in  the  me¬ 
dium.  After  two  washes  in  PBS,  cells  were  fixed  by 
adding  ice-cold  ethanol  dropwise  to  reach  a  final  con¬ 
centration  of  70%  ethanol  and  maintained  at  4°C  for  a 
minimum  of  2  hr.  Fixed  cells  were  washed  twice 
with  PBS  and  suspended  in  PBS  containing  0.1% 
Triton-XlOO  (v/v),  50  pg/ml  PI  and  50  pg/ml 
DNase-free  RNase,  for  30  min  at  22°C.  Fluorescence 
of  single  cells  was  measured  by  Flow  Cytometry 
using  the  488  nm  laser  on  a  Facscan  instrument 
equipped  with  CellQuest  (BD  Pharmingen,  San  Jose, 
CA).  Flowjo™  Software  was  used  for  data  analysis. 
For  quantification  of  the  fraction  of  apoptotic  cells, 
the  pre-Gl  fraction  (containing  fragmented  DNA) 
was  quantified  by  gating  events  with  a  cut-off  at  250 
on  the  FL2-A  axis. 

Western  Blots 

Cells  were  lysed  on  ice  in  the  presence  of  phos¬ 
phatase  and  protease  inhibitors.  Lysates  were  clari¬ 
fied  by  centrifugation,  protein  concentration  was 


determined  using  the  BCA  assay  (Pierce,  Rockford, 
IL),  and  lysates  were  resuspended  in  SDS-PAGE 
buffer.  After  electrophoresis,  proteins  were  trans¬ 
ferred  to  Immobilon-P®  membranes  (Millipore, 
Billerica,  MA).  Membranes  were  incubated  with  a 
5%  bovine  serum  albumin  blocking  buffer  for 
30  min  and  the  first  antibody  was  incubated  over¬ 
night  at  4°C.  Peroxidase-conjugated  antibodies 
(Amersham  Biosciences,  Piscataway,  NJ)  were 
added  for  45  min  at  22°C  followed  by  a  5-min  incuba¬ 
tion  in  Western  blot  Luminata™  HRP  substrate 
(Millipore).  Analysis  and  quantification  were  per¬ 
formed  using  a  FluoChem™  instrument  8900 
(Alphalnnotech/ Protein  Simple,  Santa  Clara,  CA) 
Membranes  were  stripped  using  Restore™  Stripping 
Buffer  (Pierce /Thermo  Scientific,  Pittsburg,  PA)  for 
20-30  min  at  22°C,  then  reprobed  with  the  indicated 
antibodies.  Where  indicated,  results  were  quantified 
using  the  instrument  integrated  quantification  soft¬ 
ware  (AlphaEase  FC). 

Animal  Model  and  Surgical  Techniques 

All  experiments  have  been  approved  by  our 
IACUC  and  were  carried  out  according  to  NIH 
recommended  procedures  and  precautions.  Surgeries 
were  performed  in  a  sterile  laminar  flow  hood.  Plati¬ 
num  chambers  and  surgical  instruments  were  auto¬ 
claved  before  use.  Saline  used  to  keep  tissue  moist 
during  surgical  preparation  was  mixed  with  gentami¬ 
cin  (50  pl/ml). 

Platinum  chambers  were  fitted  in  the  dorsal  skin¬ 
fold  of  male  nude  mice  by  surgery  as  described  exten¬ 
sively  in  [16-18].  Two  days  later,  a  BalbC  male  donor 
mouse  was  euthanized  and  the  anterior  prostate  tis¬ 
sue  was  excised,  placed  in  a  Petri  dish  with  gentami¬ 
cin  (50  pl/ml),  and  minced  with  fine  scissors  into 
small  pieces  (<1  mm2)  that  were  implanted  into  the 
dorsal  chambers  of  host  mice.  The  grafted  tissue  was 
allowed  to  vascularize  for  7-10  days. 

Mouse  cancer  cells  PTEN-P2/H2B-GFP  grown  as 
pre-confluent  monolayers  were  trypsinized  and  sus¬ 
pended  in  a  final  volume  of  250,000  tumor  cells /ml. 
Viability  was  determined  using  Trypan  blue  and  a 
small  number  of  cells  (typically  50,000)  was  placed  on 
top  of  the  grafted  prostate  tissue. 

Surgical  castration  was  performed  on  mice  anes¬ 
thetized  with  7.3  mg  ketamine  hydrochloride  and 
2.3  mg  xylazine/100  g  body  weight,  i.p.  A  lateral  inci¬ 
sion  across  the  scrotum  was  made  and  the  testes  were 
individually  ligated  and  excised.  The  wound  was  cau¬ 
terized.  The  incision  was  then  sutured  and  sealed 
with  Nexaband®  acrylic.  Surgical  castration  induces 
androgen  deprivation,  and  mimics  clinical  hormone 
therapy. 
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The  mice  were  treated  with  plumbagin  soon  after 
castration.  Plumbagin  administration  schedule  was 
1  mg/kg  (DMSO/PEG30%)  via  i.p.  injection,  once  a 
day. 

Intra-Vital  Microscopy 

Description  of  microscopy  instruments  and  objec¬ 
tives  can  be  found  in  Supplementary  Data. 

Tumor  area  (AT).  The  tumor  area  was  calculated 
from  the  number  of  pixels  with  photo  density 
above  40  (256  gray  levels),  that  is,  AT  =  Ak,  for 
40 <  k  <  255.  ^ 

Mitotic  and  apoptotic  indices.  At  each  time  point, 
two  peripheral  and  two  central  fields  of  the  tumor 
were  captured  with  an  FITC  filter  and  an  integrated 
frame  grabber.  Only  mitotic  figures  in  metaphase- 
telophase  (MI)  were  included.  Apoptotic /Pyknotic 
nuclei  were  defined  as  H2B-GFP  labeled  nuclei  with  a 
cross-sectional  area  <30  pm2.  Nuclear  karyorrhexis  is 
easily  distinguishable  by  the  vesicular  nuclear  con¬ 
densation  and  brightness  of  H2BGFP  and  was  includ¬ 
ed  in  the  apoptotic  index. 

Statistical  Analysis 

To  calculate  the  significance  of  differences  in  the 
in  vivo  data,  a  multivariate  approach  to  repeated 
measures  ANOVA  was  performed  with  a  2  x  6  de¬ 
sign  (two  levels  among  groups  x  six  levels  within 
subjects),  using  the  statistics  software  STATISTICA 
(StatSoft,  Inc.  Tulsa,  OK). 

RESULTS 

The  Combination  of  Plumbagin  and  Androgen 
Ablation  CausesTumor  Regression  In  vivoThrough 
Increased  Apoptosis 

Based  on  earlier  evidence  that  various  syngeneic 
tissues  grafted  in  rodent  dorsal  skinfold  chambers  re¬ 
vascularize  and  survive  over  long  periods  of 
time  [17,19-22],  we  designed  a  model  in  which 
mouse  prostate  tissue  is  grafted  in  a  microscopy 
viewing  chamber  placed  in  the  dorsal  skinfold 
of  a  male  mouse,  where  it  develops  its  own  vascula¬ 
ture  [17,23].  A  small  number  of  prostate  cancer 
cells  are  co-implanted  on  top  of  the  prostate  tissue, 
which  provides  the  tumor  cells  with  orthotopic 
stroma. 

The  mouse  epithelial  prostate  cancer  cell  line 
PTEN-P2  was  chosen  for  this  study.  PTEN-P2 
cells,  derived  from  the  prostate  cancer  tissue  of  a  con¬ 
ditional  prostate-specific  PTEN-deficient  mouse 
C Ptenloxp/loxp ;  PB-Cre4+  mouse  [24]),  were  generously 


provided  by  Dr.  Wu  [15].  These  cells  are  heterozygous 
PtenL/+  and  express  the  protein  PTEN;  they  are  also 
androgen  receptor  (AR)  positive  and  androgen  de¬ 
pendent  for  growth  [15].  PTEN-P2  cells  were  trans¬ 
fected  with  the  histone  H2B-GFP  fusion  protein, 
which  is  incorporated  into  the  chromatin  without  af¬ 
fecting  cell  cycle  progression  [25].  A  picture  of  H2B- 
GFP/PTEN-P2  cells  in  culture  is  shown  in  Supple¬ 
mental  Figure  1 . 

Although  PTEN-P2  cells  were  initially  described  as 
non-tumorigenic  in  a  subcutaneous  graft  model  [15], 
we  observed  previously  that  they  do  form  tumors 
and  vascularize  very  well  in  our  model,  indicating 
that  the  orthotopic  environment  provided  here  sup¬ 
ports  tumor  growth  much  better  than  subcutaneous 
models  [14]. 

To  examine  the  effect  of  combining  plumbagin 
with  androgen  withdrawal  in  vivo,  dorsal  chambers 
were  placed  on  male  nude  mice  by  surgery.  Two 
days  later,  minced  prostate  tissue  from  BalbC  mice 
(syngeneic)  was  grafted  into  the  chambers  and 
allowed  to  vascularize  for  7-10  days.  H2B-GFP/ 
PTEN-P2  tumor  cells  were  implanted  onto  the  vascu¬ 
larized  prostate  tissue.  The  animals  were  surgically 
castrated  when  small  tumors  were  formed  (5-7  days 
after  implantation).  Surgical  castration  is  known  to 
effectively  mimic  clinical  hormone  deprivation.  The 
mice  were  treated  with  plumbagin  2  days  later  at  a 
dose  of  1  mg  /kg  via  intraperitoneal  injection,  once 
daily.  There  were  four  treatments  groups:  control 
(intact  mice  treated  with  carrier  alone);  castration 
(androgen  deprivation  and  carrier);  plumbagin  (in¬ 
tact  mice  treated  with  plumbagin);  combination  (an¬ 
drogen  deprivation  through  castration  and 
plumbagin).  Figure  2  shows  IVM  pictures  of  tumor 
growth  in  a  representative  mouse  for  each  group,  as 
a  function  of  time.  Tumor  growth  is  reflected  by  an 
increase  in  fluorescence  integrated  over  the  area  of 
the  tumor  and  was  quantified  in  each  group  as  de¬ 
scribed  in  Methods  Section  (Fig.  3A).  Tumors  grew 
steadily  in  control  mice,  whereas  castration  caused 
tumor  growth  to  stall,  similarly  to  what  is  observed 
in  patients  undergoing  hormone  therapy.  Plumbagin 
decreased  tumor  growth  compared  to  the  control  but 
was  not  as  efficient  as  castration.  Tumor  regression 
was  observed  following  combined  castration  and 
plumbagin  treatment,  with  a  decrease  in  average  tu¬ 
mor  size  to  less  than  half  of  the  original  size  after 
26  days.  The  effect  of  the  combination  treatment  was 
highly  significant  statistically:  tumors  grew  408.4% 
after  26  days  in  the  control  group,  but  shrank  down 
to  33.9%  of  initial  size  in  the  combination  group, 
p  =  0.0002.  The  combination  was  better  than  either 
treatment  alone:  33.9%  versus  102.8%  of  initial  size, 
combination  versus  castration,  P  =  0.004;  33.9% 
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Fig.  2.  H2B-GFP/PTEN-P2  cells  were  co-implanted  with  prostate  tissue  into  mouse  dorsal  chambers.  Half  the  mice  were  castrated  once 
the  tumors  and  tissue  were  vascularized.  Soon  after  castration,  control  and  castrated  mice  were  treated  with  vehicle  alone  or  plumbagin 
(I  mg/kg).  Day  0  defines  the  start  of  plumbagin  (or  sham)  treatment  for  the  four  treatment  groups:  control,  castration  only,  plumbagin  only, 
and  castration  +  plumbagin.Tumors  from  the  same  mouse  in  each  group  were  imaged  at  the  indicated  times  using  IVM.  Bar  ~500  |jim. 


versus  182.7%  of  initial  size,  combination  versus 
plumbagin,  P  =  0.002. 

The  effect  of  plumbagin  in  castrated  mice  was  dose 
dependent,  as  shown  in  Figure  3B.  In  this  experiment, 
all  mice  were  castrated  and  treated  with  increasing 
doses  of  plumbagin.  A  small  but  significant  tumor  re¬ 
gression  was  observed  at  a  low  dose  (0.1  mg/kg), 
whereas  a  decrease  in  tumor  sizes  of  over  60%  was 
observed  at  a  dose  of  1  mg /kg.  No  obvious  toxicity 
was  observed  based  on  animal  weights,  behavior  or 
posture. 

The  ratio  of  apoptotic  to  mitotic  cells  was  calculat¬ 
ed  for  each  tumor  as  a  function  of  time  (Fig.  3C).  This 
ratio  is  a  good  indicator  of  the  relative  rates  of  cell 
death  versus  proliferation.  Thus,  the  high  ratio  (AP/ 
MI  =  28.93  zb  0.04)  measured  in  the  tumors  of  the 
combination  group,  denotes  a  high  rate  of  apoptosis 
and  is  consistent  with  tumor  regression.  The  differ¬ 
ence  between  control  and  combination  treatment  was 
highly  significant  (P  =  0.0075  multivariate  analysis). 
Plumbagin  induced  apoptosis  of  the  tumor  cells  in 
the  castrated  mice,  but  not  nearly  as  much  in  the  in¬ 
tact  mice.  In  contrast,  castration  alone  did  not  result 
in  significant  tumor  cell  apoptosis,  in  agreement  with 
the  notion  that  androgen  deprivation  in  human 
patients  causes  mostly  growth  arrest. 

We  conclude  that  the  combination  treatment  of 
plumbagin  with  castration  was  more  efficient  in  vivo 
than  either  treatment  alone,  since  only  the  combina¬ 
tion  treatment  caused  significant  tumor  regression. 


Plumbagin  Inhibits  the  Growth  of  Prostate  Cancer 
Cells  Independently  of  Androgens  In  vitro 

The  effect  of  plumbagin  was  assessed  in  prostate 
cancer  cells  that  are  androgen-dependent  (PTEN-P2 
and  LNCaP)  or  independent  (PC3  and  DU145).  Cells 
growing  in  normal  culture  medium  were  treated  with 
the  indicated  concentrations  of  plumbagin  for  24  hr, 
and  cell  proliferation  was  determined  by  counting 
the  cells  as  described  in  Methods  Section.  The  mor¬ 
phology  of  PTEN-P2  cells  treated  with  increasing 
concentrations  of  plumbagin  for  24  hr  is  shown  in 
Supplemental  Figure  S2.  As  shown  in  Figure  4,  plum¬ 
bagin  caused  a  decrease  in  cell  number  by  80%  in  all 
cell  lines  tested,  with  similar  EC50.  No  significant  dif¬ 
ference  was  observed  between  cell  lines,  irrespective 
of  their  androgen  sensitivity. 

The  cytotoxicity  of  various  synthetic  derivatives 
of  1,4-naphtoquinone  (Supplemental  Fig.  S6)  was 
compared  in  PTEN-P2  cells.  Analogs  with  substitu¬ 
ents  that  contribute  to  the  stabilization  of  the  semi- 
quinone  form  and  that  increase  the  one-electron 
reduction  potential  (and  therefore  facilitate  the  forma¬ 
tion  of  ROS)  showed  higher  cytotoxicity  compared 
with  the  1,4-naphthoquinone.  Plumbagin  exhibited 
one  of  the  lowest  IC50  (Supplemental  Fig.  S7).  On  the 
other  hand,  substituents  that  increase  the  stability  of 
the  quinoide  form  and/or  decrease  the  one-electron 
reduction  potential  showed  lower  cytotoxicity  (Sup¬ 
plemental  Fig.  S7),  in  agreement  with  [26,27]. 
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The  combined  effect  of  plumbagin  and  androgen 
deprivation  was  then  assessed  in  vitro  using  the  two 
androgen-dependent  cells  lines  LNCaP  and  PTEN-P2. 
In  one  set  of  experiments,  androgen  deprivation  was 
achieved  by  growing  the  cells  in  medium  containing 
charcoal-stripped  serum.  DHT  (10-8  M)  was  added 
back  to  the  cells  (or  not)  to  compare  cell  proliferation 
with  or  without  androgens.  Cells  were  treated  with 
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increasing  concentrations  of  plumbagin  for  24  hr 
before  counting.  As  shown  in  Figure  5A,  plumbagin 
had  the  same  inhibitory  effect  on  cell  growth  whether 
or  not  DHT  was  present. 

In  another  set  of  experiments,  cells  grown  in  nor¬ 
mal  medium  were  treated  with  androgen  antagonist 
Casodex  (i.e.,  bicalutamide).  A  dose-response  effect  of 
Casodex®  in  LNCaP  and  PTEN-P2  cells  is  shown  in 
Supplemental  Figure  S3.  In  the  experiments  shown 
in  Figure  5B,  cells  were  treated  with  various  concen¬ 
trations  of  Casodex®  for  24  hr  before  addition  of 
increasing  doses  of  plumbagin  for  another  24  hr 
period.  Once  again,  the  effect  of  plumbagin  was 
statistically  similar  in  all  hormone  conditions.  The 
highest  Casodex®  concentration  used  in  these  experi¬ 
ments  induced  a  20%  decrease  in  cell  numbers  after 
24  hr.  When  this  effect  of  Casodex®  was  taken  into 
account,  the  dose-response  effect  of  plumbagin  was 
identical  in  the  control  and  Casodex®  conditions 
(Supplemental  Fig.  S4). 

We  conclude  that  the  synergistic  effect  of  plumba¬ 
gin  and  androgen  deprivation  observed  in  vivo  is  not 
due  to  a  combination  effect  on  the  tumor  cells  per  se. 
Instead,  plumbagin  and  castration  appear  to  affect 
distinct  biological  compartments  in  vivo,  so  that  the 
physiological  effect  of  the  combination  treatment 
reflects  the  complexity  of  the  interactions  that  take 
place  between  the  tumor  cells,  the  stroma  (prostate 
tissue)  and  the  vasculature. 

Plumbagin  Increases  ROS,  Activates  the  ERK 
Pathway,  and  Induces  G2/M  Arrest  and 
Tumor  Cell  Death 

A  cell  cycle  analysis  of  plumbagin-treated  cells  in¬ 
dicated  that  the  drug  induces  cell  cycle  arrest  in  G2/ 
M,  as  shown  Figure  6A.  Quantification  of  the  pre-GO 
Pi-positive  fraction,  as  shown  in  Figure  6B,  indicated 
that  arrest  is  followed  by  cell  death.  Cleavage  of 
PARP,  revealed  by  western  blot  analysis  (Fig.  6C), 
suggested  that  plumbagin  treatment  leads  mostly  to 
apoptosis. 

Fig.  3.  A:  Graphic  representation  of  tumor  sizes  calculated 
from  IVM  data  in  the  four  treatment  groups  and  as  a  function  of 
time.  Results  are  expressed  as  percent  of  initial  (tumor  size  at  day  0 
in  each  group)  and  represent  means  ±  SE(n  =  6).  B: Tumor  sizes  in 
castrated  mice  treated  with  plumbagin  at  0,  0.1,  0.3,  and  I  mg/kg 
once  daily.  Sizes  were  calculated  from  IVM  data  as  a  function  of 
time.  Results  are  expressed  as  percent  of  initial  (tumor  size  at  day  0 
for  each  group)  and  represent  means  ±  SE  (n  =  6,  except  for  the 
0.3  mg/kg  treatment  group  for  which  n  =  5).  C:  Representation  of 
the  ratio  apoptotic  index/mitotic  index  (AP/MI)  within  the  tumors, 
calculated  from  IVM  data  obtained  at  high  microscopy  resolution. 
Results  are  expressed  as  absolute  ratios  and  represent 
means  ±  SE. 
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Fig.  4.  Effect  of  plumbagin  on  the  growth  of  LNCaP,  PTEN-P2, 
PC3,  and  DUI45  prostate  cancer  cell  lines,  in  vitro.  Cells  grown  in 
normal  media  were  incubated  with  increasing  doses  of  plumbagin 
for  24  hr,  and  counted  using  a  Cell  Coulter  as  described  in  Methods 
Section.  Results  are  expressed  as  percent  of  control  (sham-treated 
cells)  and  represent  means  ±  SE  of  at  least  four  experiments,  each 
performed  in  duplicates. 


It  has  been  shown  previously  that  plumbagin  acti¬ 
vates  various  stress  signaling  pathways  in  cancer 
cells.  Therefore,  the  phosphorylation  of  stress  kinases 
ERK,  p38  and  JNK  was  assessed  using  western 


A  LNCaP  PTEN-P2 


LNCaP  PTEN-P2 


Fig.  5.  Effect  of  plumbagin  in  vitro  with  or  without  hormone. 
A:  Hormone-dependent  prostate  cancer  cells  LNCaP  and  PTEN- 
P2  were  grown  in  phenol  red-free  medium  supplemented  with 
stripped  serum,  or  in  phenol  red-free  medium  supplemented  with 
stripped  serum  and  DHT  (10  8  M),  and  incubated  with  increasing 
concentrations  of  plumbagin  for  24  hr  before  counting  the  cells. 
B:  Cells  were  grown  in  regular  growth  medium  and  incubated  with 
the  indicated  concentration  of  CasodexR  for  24  hr.  Plumbagin 
was  added  at  increasing  concentrations  for  24  hr  and  cells  were 
counted.  In  all  graphs,  results  are  expressed  as  percent  of  control 
(no  treatment)  and  are  means  ±  SE  of  at  least  three  experiments, 
each  performed  in  duplicates. 
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Fig.  6.  A:  Cell  cycle  analysis  of  plumbagin-treated  cells.  LNCaP 
cells  were  treated  with  plumbagin  (8  |jlM)  for  0,8, 16,  and  26  hr. Cells 
were  fixed  and  stained  with  propidium  iodide  for  flow  cytometry. 
Data  were  analyzed  using  Flowjo.  B:  The  proportion  of  events  in 
the  Pl-positive  pre-GI  fraction  (cut-off  at  250  FL2-A)  was  used  as  an 
indicator  of  cell  death.  C:  LNCaP  cells  treated  with  plumbagin 
(8  |jiM)for  I  or  24  hr  were  lysed  and  PARP  cleavage  was  analyzed  by 
western  blot  using  anti-PARP  antibodies. 


blotting  in  LNCaP  cells  treated  with  plumbagin  for 
the  indicated  times.  Figure  7  A  shows  a  slow  increase 
in  the  phosphorylation  of  ERK1  / 2  following  plumba¬ 
gin  treatment,  with  a  maximum  reached  within 
60  min.  Activation  of  JNK  and  p38  was  not  observed. 

The  slow  activation  of  ERK1  /  2  indicates  that  it  is  a 
secondary  effect  rather  than  a  direct  effect  of  plumba¬ 
gin  on  the  ERK  pathway.  Plumbagin  causes  severe 
oxidative  stress  on  tumor  cells  and  increases  levels 
of  ROS  [5],  which  are  known  to  activate  stress 
signal  pathways.  To  determine  if  the  cytotoxic 
effect  of  plumbagin  in  prostate  cancer  cells  is  due  to 
oxidative  stress,  cells  were  treated  with  the  anti-oxi¬ 
dant  agent  NAC  for  2  hr,  then  incubated  with  plum¬ 
bagin  for  24  hr  before  counting.  As  shown  in 
Figure  7B,  plumbagin  reduced  cell  numbers  by  at 
least  60%  depending  on  the  concentration,  whereas 
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Fig.  7.  A:  Protein  phosphorylation  and  expression  following 
plumbagin  treatment.  LNCaP  cells  were  treated  with  8  jjlM  plum- 
bagin  for  the  indicated  periods.Cells  were  lysed  and  relative  protein 
expression  or  phosphorylation  was  analyzed  by  western  blot  using 
the  indicated  phospho-specific  (p-protein)  or  pan  (protein)  antibod¬ 
ies.  B:  Effect  of  anti-oxidant  NAC.  LNCaP  and  PTEN-P2  cells  were 
treated  with  the  indicated  concentrations  of  NAC  for  2  hr  before 
the  addition  of  plumbagin  at  0,  4,  and  8  |jlM;  24  hr  later  cells  were 
counted.  Results  are  expressed  as  percent  of  control  (untreated 
cells)  and  are  means  ±  SE  of  three  experiments,  each  performed  in 
duplicates. 


cells  treated  with  NAC  before  the  addition  of  plumba¬ 
gin  were  entirely  protected  from  its  toxic  effect.  This 
was  also  observed  in  PC3  and  DU145  cells  (Supple¬ 
mental  Fig.  S5). 

Thus,  plumbagin-induced  toxicity  is  indeed  due  to 
ROS  generation  in  the  cells  and  subsequent  activation 
of  stress  signals. 


DISCUSSION 

Androgen  deprivation  therapy  remains  the  stan¬ 
dard  treatment  for  disseminated  androgen-dependent 
prostate  cancer,  however,  it  is  not  curative  and  most 
patients  eventually  progress  to  androgen  indepen¬ 
dence  and  die  of  the  disease.  Recurrence  has  been  at¬ 
tributed  to  (i)  tumor  cell  resistance  caused  by  genetic 
amplification  or  mutation  of  the  AR,  activation  of  AR 
in  low  androgen  conditions,  or  activation  of  pathways 
that  bypass  AR  completely;  (ii)  incomplete  androgen 
deprivation  at  tissue  levels;  and  (iii)  compensation 
mechanisms  in  the  production  of  androgens  by  the 
environment  [28].  Recent  clinical  efforts  have  focused 
on  achieving  more  complete  androgen  deprivation  or 
improving  AR  targeting,  with  some  therapeutic 
improvements  [29].  Another  approach  would  be  to 
delay  or  prevent  the  onset  of  CRPC  through  the  com¬ 
bination  of  chemotherapy  with  androgen  ablation. 


This  study  examined  the  effect  of  combining  an¬ 
drogen  ablation  with  plumbagin,  a  naturally  occur¬ 
ring  quinone-type  compound  with  demonstrated 
cytotoxicity  toward  cancer  cells.  Plumbagin  does  not 
necessarily  target  proliferating  cells,  as  many  chemo¬ 
therapeutic  drugs  do,  a  potential  advantage  for  the 
treatment  of  slow-growing  tumors.  Results  presented 
here  demonstrate  that  the  combination  treatment 
with  plumbagin  and  castration  was  more  efficient  in 
vivo  than  either  treatment  alone.  Furthermore,  treat¬ 
ment  with  castration  or  with  plumbagin  only  did  not 
lead  to  a  marked  decrease  in  tumor  size,  whereas  the 
combination  of  both  resulted  in  significant  decreases 
in  tumor  size,  a  clear  improvement  over  castration 
alone. 

The  primary  mechanism  for  the  cytotoxic  action  of 
plumbagin  and  other  quinone-based  drugs  is  based 
on  redox  cycling.  The  quinone  form  of  the  drug  is  re¬ 
duced  to  a  semiquinone  radical  by  NADPH  oxidase 
in  a  process  that  involves  the  mobilization  of  endoge¬ 
nous  copper  [30].  This  results  in  NADPH  oxidation 
and  oxygen  reduction  into  superoxide  [31-33].  The 
resulting  superoxide  is  converted  into  hydrogen  per¬ 
oxide,  hydroxyl  radicals,  and/or  peroxynitrite,  all 
of  which  are  highly  reactive  [7,33-36].  In  addition  to 
redox  cycling,  plumbagin  produces  ROS  via  leakage 
of  the  mitochondrial  respiratory  chain  [37]  and  by 
direct  arylation  of  intracellular  thiols,  leading  to  the 
depletion  of  intracellular  glutathione  levels  [7,36,38]. 

ROS  are  normally  produced  by  the  cell  metabolism 
and  eliminated  by  the  gluthatione/  gluthatione  perox¬ 
idase  system.  Highly  reactive,  ROS  induce  damage 
to  DNA  and  macromolecules  such  as  proteins  and 
lipids.  Higher  than  normal  levels  of  ROS  are  detected 
in  cancer  cells  due  in  part  to  their  higher  metabolic 
rate  and  increased  levels  of  stress,  and  in  part  to 
the  deregulation  of  the  detoxification  system  [39]. 
Because  ROS  cause  cell  death  upon  reaching  a  certain 
threshold,  high  constitutive  levels  of  ROS  in  tumor 
cells  often  render  them  more  sensitive  to  oxidative 
stress  than  normal  cells,  thus  providing  a  therapeutic 
window  for  ROS-inducing  drugs  (reviewed  in  [40]). 
Consistent  with  this  hypothesis,  plumbagin  lacks  tox¬ 
icity  in  normal  cells  at  concentrations  that  kill  tumor 
cells.  For  example,  plumbagin  effectively  induced 
apoptosis  in  MDAMB-231  and  MCF-7  BRCA  cells 
whereas  breast  epithelial  MCF-10A  cells  were  not 
affected  [41].  Similarly,  and  more  relevant  to  the  pres¬ 
ent  study,  non-transformed  prostate  epithelial  cells 
RWPE-1  were  not  affected  at  concentrations  that 
killed  prostate  cancer  cells  [6]. 

The  bioavailability  and  pharmacokinetics  of  plum¬ 
bagin  have  been  reviewed  [5].  Its  side  effects  are  pro¬ 
portional  to  dosage  and  include  diarrhea,  skin  rash, 
hepatic  toxicity,  reproductive  toxicity,  and  abortive 
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effects  [42].  Early  reports  found  that  the  LD50  in 
mouse  was  16-40  mg/ kg  oral  administration  over 
72  hr  [43][44].  Whereas  the  LD50  in  mice  is  8  mg/kg 
for  oral  administration  for  14  days,  plumbagin  is 
better  tolerated  when  given  i.p.,  with  an  LD50  at 
16  mg/kg  [42][43].  Most  cancer  therapy  studies  com¬ 
monly  use  a  dose  of  2  mg/kg  i.p.,  without  obvious 
side  effects.  In  our  experiments,  plumbagin  was  effec¬ 
tive  at  doses  of  1  and  0.3  mg/kg  (Fig.  3B). 

ROS  directly  (through  redox-mediated  structural 
changes  in  target  proteins)  or  indirectly  (through  the 
up-regulation  of  stress  activated  pathways)  alter  the 
activity  of  transcription  factors  (review  [45]).  Thus,  in¬ 
hibition  of  constitutively  active  or  cytokine-induced 
NFkB  appears  to  be  a  major  mechanism  underlying 
the  cytotoxic  effect  of  plumbagin  in  several  cell  types 
[41]  [46]  [47].  As  a  consequence,  plumbagin  also  alters 
the  expression  of  NFkB  target  genes,  blocking  cell 
proliferation,  and  facilitating  apoptosis  [47].  It  is  also 
well  established  that  ROS  can  activate  stress  kinases 
such  as  ERK,  p38,  and  JNK.  Although  we  did  not  ob¬ 
serve  it,  we  cannot  rule  out  that  plumbagin  activates 
stress  kinases  p38  and  JNK,  which  has  been  observed 
by  others  [37]  [46]  [48].  In  contrast  to  other  observa¬ 
tions  that  plumbagin  inhibits  ERK  activation  induced 
by  mitogens  or  TPA  [49]  [50],  and  in  accordance  with 
[36]  [51],  we  observed  slow  activation  of  ERK,  con¬ 
sistent  with  the  notion  that  cells  accumulate  ROS 
before  ERK  phosphorylation  takes  place. 

Evidence  that  the  cellular  effects  of  plumbagin  are 
mediated  by  ROS  generation  is  that  anti-oxidants 
such  as  NAC  prevent  the  cytotoxic  effect  of  plumba¬ 
gin  as  well  as  plumbagin-induced  regulation  of 
signaling  pathways.  Indeed,  plumbagin-induced  apo¬ 
ptosis  was  abrogated  by  NAC  in  various  types  of 
human  cancer  cells  [30]  [35]  [36]  [52]  [53].  In  addition, 
anti-oxidants  prevent  plumbagin-induced  action  of 
JNK  [36]  and  ERK  [36][51]. 

It  is  intriguing  that  in  vitro,  the  effect  of  plumbagin 
was  entirely  independent  from  androgens,  whereas  in 
vivo  there  was  synergy  between  plumbagin  and  cas¬ 
tration.  This  suggests  that  plumbagin  and  castration 
differently  affect  biological  compartments  that  are 
not  present  in  culture.  For  example,  castration  has 
anti-vascular  effects  in  the  prostate,  because  the  vas¬ 
culature  in  the  prostate  is  sensitive  to  androgens 
(reviewed  in  [54]  [55]).  In  the  chamber  model,  the 
prostate  tissue  that  is  grafted  develops  a  healthy  vas¬ 
culature  that  originates  from  the  grafted  tissue  itself 
rather  than  from  the  host  blood  vessels,  and  remains 
androgen  sensitive.  Thus,  castration  leads  to  drastic 
vascular  constriction  and  decreased  blood  flow,  a 
shrinkage  of  the  tumor  vasculature  that  precedes  its 
effects  on  the  tumor  [17].  Lai  et  al.  have  also  shown 
that  plumbagin  decreases  the  proliferation  and 


migration  of  endothelial  cells  in  vitro  as  well  as  in 
vivo  and  has  anti-angiogenic  effects  [8].  Although  the 
dose  used  in  their  study  was  10  times  higher  than  in 
ours,  and  we  did  not  observe  anti-angiogenic  effects 
other  than  those  due  to  castration  (not  shown),  it  is 
possible  that  plumbagin  did  have  some  anti-vascular 
effect  in  our  in  vivo  model.  In  any  case,  the  combined 
anti-angiogenic  effect  of  castration,  and  tumor-directed 
cytotoxicity  of  plumbagin  were  only  observed  in  vivo. 

CONCLUSION 

In  mice  bearing  prostate  tumors  co-implanted 
with  prostate  tissue,  treatment  with  plumbagin  at  the 
time  of  androgen  deprivation  causes  tumor  regres¬ 
sion.  The  combination  of  plumbagin  with  castration 
was  substantially  better  than  either  treatment  alone. 
It  remains  to  be  seen  if  plumbagin,  administered  at 
the  time  of  androgen  deprivation  therapy,  can  delay 
progression  toward  CRPC.  The  proposed  combina¬ 
tion  warrants  further  investigation  as  an  alternative 
therapy  for  high  risk  or  aggressive  prostate  cancer. 
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